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Abstract 
 
To make solar energy more feasible, the solar cells efficiency must increase and its cost of 
production must decrease in order to generate on a large scale. Thin-film photovoltaic solar 
cells exhibit the prospects of increasing efficiency and decreasing material costs. Research in 
plasmonic nanoparticles structures, textured interfaces and branched nano wire solar cells is 
still relatively new compared to thin-film bulk silicon solar cells. 
Nanostructured materials are being investigated and developed as versatile components of 
optoelectronic devices with the ability to manipulate light (via plasmonic enhancement, 
photonic crystals, and so on) and control energy flow at nearly the atomic level. There are 
challenges to overcome for thin-film solar cell nanostructures (For example high light-trapping 
and absorption, high short circuit current, maximum conversion efficiency) but the potential 
benefits are worth the efforts. The research interest on graphene optoelectronics and photonics 
is quickly growing with the demonstration of high-performing devices such as modulators, 
photodetectors, saturable absorbers in the terahertz regime, and solar cells. To date, different 
approaches have been proposed to enhance graphene/graphite absorption from visible to 
infrared range.  
The objective of this thesis is to develop new techniques to enhance overall conversion 
efficiency and increase light absorption in thin active layers of graphene and graphite based 
silicon solar cells. We propose new techniques based on an optical simulation of maximum 
light-trapping in silicon thin-film solar cells with the goal of extreme light coupling and 
reduced parasitic absorption losses. Thin-film technology is considerably economical than 
other technologies because thin-film solar cell devices have comparatively less material and 
consume space and are based on various types of light absorbing semiconductor materials.  
Background literature of solar cells, simulation/numerical modelling techniques, and recent 
research approaches used in thin-film solar cell field are described in chapter 2-4. First reported 
structure is based on an optical simulation of microcrystalline silicon thin-film solar cells by 
using multitexture schemes and introducing an n-type cadmium sulfide (CdS) buffer layer and 
this is presented in chapter 5. In this chapter, an extreme light coupling and absorption in silicon 
absorber layer is shown. Moreover, photo-current is improved by optimizing the front and back 
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texturing of transparent conductive oxide layer and variation in buffer layer thickness. The 
research work presented in chapter 6 is based on graphene absorption regimes with deep 
nanograting that enables to produce strong electric field localization. This proposed solar cell 
configuration is capable of the generation of strong magnetic resonance fields. Nanograting/slit 
period leads to an increase absorption and significant transport of charge carriers. The intended 
structure has advantages of simple fabrication method, high optical absorption and short circuit 
current density. Furthermore, we investigate that the absorption improvement can be simply 
tuned by adjusting few geometric parameters.  
In order to minimize surface recombination, parasitic absorption losses and to increase rear 
reflections, a unique design of graphene/silicon solar cell back reflector is explored in chapter 
7. An extreme light-trapping ability, and high inner scattering (for perfect optical waveguide) 
is achieved. This inner scattering offers best optical absorption by 90% at a 40° angle of 
incidence, maximum rear reflections, and good EM wave propagation through entire structure. 
Contrasted with the analogous reference cell devices, the light absorption was essentially 
improved by pyramid and semi-hexagon texture shape back dielectric-metal reflector in the 
visible to infrared region from 600 nm to 1200 nm.  
The final proposed optical simulation of a 3D graphite on h-BN interlayer-silicon solar cell is 
accomplished and described in chapter 8 where an anti-reflection coating, rear buffer layer 
stack and small 3D Nanoparticle dimensions offers optimal combination to produce high 
power, surface conductivity and current density. A patterned graphite layer with trivial 
nanoholes is able to generate strong magnetic resonance effect and high optical conductivity 
when integrating on top of silicon substrate. Furthermore, a detailed numerical and simulated 
investigation is presented and proposed results are able to give a valuable guideline for the 
feasible fabrication and designing of high-power conversion efficiency solar cells. 
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Chapter 1 
 
Introduction 
 
1.1 Introduction 
In the early years, many researchers from all over the world put their considerations to design low-cost, 
highly efficient, and easy fabricated thin structures for solar cells. Thus, in the field of Photovoltaics, 
nanostructures are expected to present the best prospective for highly efficient devices to use as solar 
cells. Nanostructures of thin-film solar cells offer several advantages including least material utilization, 
fewer fabrication costs, multi-junction solar cell efficiency concepts, additionally the focal points of 
lightweight and adaptable configurations [1]. The requirement for these nanostructure devices is to 
exhibit high photo-current production, therefore, several light-trappings and capturing techniques are 
vital to utilize the highest portion of the solar spectrum [2].  However, the critical fact of thin-film solar 
cells is that the absorption of light is very low. Additionally, certain materials with low diffusion carrier 
length have been used that can reduce the recombination of carriers and hence minimize these 
recombination losses [3]. To enhance the light absorption in thin-film solar cells, the most promising 
techniques are to utilize surface texturing strategies, crystalline diffraction gratings, plasmonic 
nanoparticles, or Nanorods over the active surface and distribution of Bragg reflectors [4]. 
Consequently, light-trapping is performed by using surface texturing or alterative techniques so the 
light waves scatter many times inside the active layer, and hence the probability of absorption of light 
is maximized in these approaches. Moreover, several surface texture practices including pyramidal and 
conical textures for large area cells, and plasmonic crystals or metallic nanoparticles have been used in 
the past for better trapping and folding of light in thin active layers. Thus, nanoparticles have particular 
optical properties such that light waves explicitly interrelate with the small units of solar cells [5-7]. 
Thus, different practical methods and nano techniques have been developed for photon management in 
random or periodic textured silicon solar cells and nanocrystals in substrate configurations [5,7,8]. The 
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amorphous silicon version has relatively poor efficiency that is due to low photocurrent generation and 
tendency to be unstable except for some interface morphologies and surface configurations to improve 
light absorption [9-11].  In short, the performance of solar cells is investigated through different 
nanoparticle shapes, sizes, materials, and by making the surfaces rougher to increase optical scattering 
and localized resonance field effects [8]. Hence, we aim to design a competent nanostructure by utilizing 
nanoparticles, plasmonic gratings, and surface texturing strategies together in one structure to increase 
light-trapping. The intention behind this preference is that solar cell efficiencies can be greatly improved 
through multiple light scatterings through metallic nanoparticles and textures because these particles 
can couple the incident light into the solar cell with a broad angular range and hence amplify the optical 
path length within the solar cell [9,10]. Therefore, the estimate is that the nanostructures restraining 
metallic nanoparticles placed on solar cell surfaces rather than bare surfaces can exhibit maximum light-
trapping as well as enormous efficiency [11,12]. A recent study has shown that the short circuit current 
density of solar cells with the specific pyramidal shape of textures and by using indium nanoparticles 
(NPs) is higher rather than using gold (Au) or silver (Ag) nanoparticles [13]. However, another recent 
investigation about finite difference time domain method (FDTD) applied on a thin-film amorphous 
solar cell with NPs array has revealed that aluminum (Al), gold (Au), and silver (Ag) nanoparticles 
offer the best absorption efficiency in the photoactive layer because of their high power-loss effect in 
the visible spectrum [14]. Finite Element Method (FEM) for silicon solar cell structures is much 
improved for the visible and infrared wavelength spectrum [15].  
A most common and effective approach is surface texturing at the front or back contact to enhance the 
coupling of light. Silicon thin-films are bad absorber and do not absorb sufficient light in the visible 
range and for longer wavelengths in the 600-800nm range. Improving the absorption efficiency of thin-
film silicon solar cells is thus a crucial part of photovoltaics. Photovoltaic (PV) cells made of Cadmium 
Telluride and Copper indium gallium selenide (CdTe/CIGS) and combinations of complex compounds 
have been reported as a good light absorber in terms of cost and efficiency effectiveness based on their 
bandgap well-matched ability to the normal sunlight [16-18]. Such complex combinations of 
semiconductor compounds have been extensively used by many research groups and competitive PV 
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teams to optimize the bandgap and to increase the light absorption. Different methods have been 
established to derive optimal surface textures in silicon thin-film solar cells to provide a good settlement 
between light in coupling at short wavelengths and maximum light-trapping at long wavelengths. So 
far, the best performing thin-film solar cell materials including polycrystalline silicon are considered 
reasonable in terms of fabrication cost-effectiveness and overall efficiency (which strongly relies on 
randomly textured substrates) [19]. Thus, the most effective way to increase the optical and electrical 
performance of solar cells, thin-film solar cells were configured with periodic or random texturing of 
substrates along with thin transparent oxide layers (TCO) [20-23]. Existing solar cell nanostructures 
exhibit back reflectors, anti-reflection coatings (ARC), surface texturing, window/buffer layers, and 
plasmonic gratings as necessary elements for light management [24-29]. Cadmium Sulfide (CdS) is 
commonly used as buffer layer material in thin-film solar cells along with Copper-Indium-Gallium-
Selenide (CIGS) and Cadmium-telluride (CdTe) absorber materials due to their wide bandgap 
properties [24,30]. Thin-films of CdS with high n-type polarity are the most appropriate material as 
carrier transport layers and have a significant impact on conversion efficiency, where the thickness of 
these films leads to high short circuit current densities and enhanced optical absorption in absorber 
layers. To achieve a high conversion efficiency of silicon solar cells, different bandgap material layers 
are stacked together and those layers respond to different wavelength ranges and lead to maximum 
absorption for the whole sun spectrum [31-36]. 
    1.2   Research Aims 
The key aims and objectives of the research work presented in this thesis are: 
• To deploy the Full Vectorial Finite Element Method (FVFEM) modeling for the efficiency 
improvement of thin-film silicon solar cells. 
• To propose new ways for the Current density and power conversion efficiency enhancement of 
the solar cells. 
• To propose new buffer/window layers, TCO layers, Nanoparticle dimensions, Texture 
strategies, Plasmonic gratings, Back reflector/mirror electrode, and highly conductive 
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graphene/graphite sheets to improve the optical absorption and conductivity of silicon thin-film 
solar cells. 
• To propose new absorber materials for high short circuit current density and output power from 
thin-film photovoltaic devices. 
• To determine different means for the cost reduction of thin-film solar cell fabrication. 
• To propose novel 2D and 3D photovoltaic device structures based on new materials and 
innovative layer geometry. 
The proposed research plan presented in this thesis is based on novel strategies of high-performance 
solar cell structures that exhibit high efficiency. Since various absorber materials including amorphous 
and crystalline silicon have been investigated to achieve maximum absorption of light. The geometrical 
shape and surface texturing optimizations are applied further to increase the performance of the device. 
Essentially the technology associated with the modern generation of solar cells includes photovoltaic 
tandem cells, Nano-wire/nano-rods, Hetero/multi-junction, or multilayer solar cells. The photonic 
design considerations have been applied to the aimed nanostructure to obtain surface scattering. The 
focus of the research is to analyze optimal light-trapping strategies and investigate the maximum 
probability of photon energy conversion to electron energy. As the light-trapping strongly depends on 
the significant length or shape of textures and distance between periodic patterns of nanoparticles. 
Therefore, it is adequate to design a simple structure at first to analyze the entire performance at the 
quantum level. Thus, a composite nanostructure has been utilized for better absorption of light along 
with maximum carrier collection probability. Ultimately a critical analysis of diverse factors that affect 
the performance and absorption of solar cells has been examined. 
     1.3   Motivation and Research Problem 
The objective of this research is to look at the Efficiency losses which occur due to low absorption in 
absorber layers and a majority of carriers up to 50% lost by recombination so it is required to integrate 
an efficient absorber material with sufficient band-gap to increase overall efficiency. The metallic 
circuit path on the top front of solar cells or smooth surfaces causes maximum reflections of light. 
Therefore, anti-reflection coatings and surface texturing are the best techniques to minimize top 
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reflections. Light can totally be transmitted through the solar cell or light absorbed in unwanted layers 
instead of active layers, thus by applying various boundary conditions, an optimal solar cell 
nanostructure should be achieved to absorb maximum light in desired regions. 
Mainly the losses in efficiency are due to the large number of photons that do not trap in the active 
region and some photons absorbed near-surface edges and very often, they are lost by recombination. 
Thus, the utilization of highly efficient materials (amorphous/crystalline silicon, graphene, or 
combination of the new generation of metamaterials) can reduce the parasitic losses. Another critical 
aspect is to minimize incident light reflections from a solar cell surface. Accordingly, by means of 
antireflection coatings (TiO2 or other oxide layers), the reflection losses should be minimized. 
There is an essential feature of solar cells that charge carriers must be collected at an appropriate time 
before they recombine and get vanished. In planar Si devices high purity single crystal Si or amorphous 
Si is required in order to maximize absorption of the incident solar radiation and achieve sufficiently 
long minority carrier diffusion length. Planar solar cells exhibit (less expensive) materials with a higher 
level of impurities. Some crystalline material defects typically lead to a reduction in the minority carrier 
diffusion length and thus reduced cell efficiency. In order to maximize the efficiency of the proposed 
device, new techniques should be developed where nano particle array should be sized for efficient 
carrier collection probability and to provide better light-trapping in absorber layers. 
     1.4   Milestones achieved 
 The main results accomplished in this research were: 
i. Efficiency improvement of Microcrystalline Silicon Thin-film Solar Cells with Wide Band-
Gap CdS Buffer Layer. 
ii. Increased optical absorption and light-matter interaction in Silicon Thin-film Solar cell 
nanostructures by using graphene and 2-dimensional Au and Ag Nanograting. 
iii. High rear reflectance and light-trapping in textured graphene-based silicon thin-film solar cells 
with back dielectric-metal reflectors. 
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iv. Proposing new 3D stack of graphite on h-BN interlayer-silicon solar cell with ZnO: Al buffer 
layer and enhanced light-trapping by applying specific geometry of Au/Ag Nanoparticles. 
    1.5   Structure of the thesis 
The thesis is organized into eight chapters. The contents of all sections are described below: 
i. Chapter 1 includes a general introduction. The research aims, problem statement, milestones 
achieved, and thesis organization is described in this chapter.  
ii. Chapter 2 describes a solar cell theoretical background, physics of solar cells, solar cell 
parameters, and key design features. This section presents a brief overview of the p-n junction, 
intrinsic and extrinsic properties, generation and recombination of carriers, absorption 
coefficient, and parasitic losses in solar cell devices. Basic parameters including diode biasing 
and electrical characterization including the current generation are also explained in this 
chapter. 
iii. Chapter 3 presents a review of the literature and an overview of recent approaches. Literature 
review of the solar cell recent research methods, generations of solar cell technologies, solar 
cell types, and the history of thin-film solar cells are also presented in this chapter. 
iv. Chapter 4 describes the Numerical simulations and mathematical modeling. The numerical 
modeling, simulation framework, and methods and methodologies used in our proposed 
research work are also described in this chapter. 2D and 3D FEM complex modeling analysis, 
COMSOL, Mesh refinement strategies are presented in this chapter. 
v. Chapter 5 is based on simulations of a novel silicon solar cell structure where we explored the 
possibilities of maximum light-trapping effects achieved by adding a CdS buffer layer above 
the crystalline silicon substrate. Applied possible fabrication techniques and details of obtained 
results are explained in this chapter. 
vi. Chapter 6 covers the research work based on Graphene absorption regimes with deep 
nanograting that enables to produce strong electric field localization. In this chapter, the 
proposed layer geometry to increase optical absorption and light-matter interaction in Silicon 
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thin-film Solar cell nanostructures with graphene and plasmonic nanograting are explained in 
detail. 
vii. Chapter 7 is based on a new reported structure of graphene/silicon thin-film solar cells with a 
novel array of textured dielectric-metal rear side reflectors. In this chapter, the achieved results 
and methods to minimize the surface recombination, parasitic absorption losses, and increase 
rear reflections are explained.  
viii. Chapter 8 summarises the 3D modeling and results of graphite on h-BN interlayer-silicon solar 
cell Nanostructure with ZnO: Al buffer layer. This chapter explains the enormous light 
captivation schemes by using metallic (Au, Ag) nanoparticles, patterned graphite sheet, rear 
textured ZnO: Al buffer layer, and TiO2 anti-reflection coatings to enhance photocurrent and 
power conversion efficiency of a solar cell device. 
ix. Chapter 9 presents the concluding remarks, Future work aspects, and publications. 
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Chapter 2 
Semiconductor Theory and Solar cell 
     2.1   Solar Cell 
A solar cell is a photovoltaic device that converts sunlight into electrical energy. The basic phenomena 
behind the working of a solar cell are that when the light falling from the sun interacts with the solar 
cell surface then the electrons present in the cell becomes excited. They tend to go to high energy state 
and therefore carrier generation and recombination occurs. This process causes a flow of current (rate 
of flow of charges) and the voltage across the outer circuit of a solar cell. These electrons can be 
collected by the metal electrodes and this process is subject to repeat persistently to obtain electricity 
from sunlight. Electrons present in the valence band (filled energy band) tend to jump in the conduction 
band (partially filled energy band). When these electrons absorb a sufficient amount of energy to jump 
to the other high energy band (photoelectrons) than this process causes the flow of electrons and holes 
throughout the metallic structure as shown in Figure 2.1 [37]. However, the voltage and power produced 
by a single solar cell are too low, therefore, we normally use an array of solar cells also called solar 
panels to obtain a sufficient amount of power around 12 volts. Since the simple solar cells are 
considerably not highly efficient and offer expensive fabrication, therefore nanotechnology is used to 
improve their performance and reduce their cost to some extent [38].  
The solar cell operation consists of photogenerated charge carrier generation in the absorber region and 
charge carrier collection at opposite metal electrodes. The working principle of solar cells depends on 
the photovoltaic effect as presented in Figure 2.1. 
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Figure 2. 1: Cross-section of Solar cell [37] 
In Figure 2.1 the working operation of silicon solar cells is shown. For better understanding, a basic 
structure of a solar cell is taken where the p-type silicon acts as an absorber layer, and n-type silicon 
works as a window layer. Majority charge carriers are produced in p-type silicon with a positive charge 
known as holes. However, the majority of charge carriers are electrons in the n-type silicon region. The 
solar cell is normally connected to metal conductive layers at both sides of the solar cell known as front 
and back metal electrodes to collect the charge carriers. Photocurrent drifts through the external circuit 
when a solar cell is connected to these electrodes. The sun light generated carriers or photogenerated 
carriers separate and flow towards respective metal contacts. If we connect the solar cell with an external 
load or any voltage/power measuring instrument, the current flow appears through the solar cell [37]. 
    2.2   Physics of Solar Cells 
    2.2.1   Basic Solar Cell Materials 
Various materials and geometries are used to obtain high power or voltage across a solar cell. Recently, 
many materials have been introduced that increase the light absorption within the active layers of a solar 
cell with a main focusing theme based on PN junction [39]. However, there are more prevailing and 
narrative materials that are generated by the combination of metals and plastics called metamaterials 
(discussed in the next chapter) and some oxide layers over an active layer of solar cell that play a key 
role to enhance the overall efficiency of solar cell [40]. Nowadays, graphene has proved to be the best 
semiconductor for nanostructures because of its enormous optical properties as well as super 
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transparency and high electrical conduction [41]. Mainly the semiconductor materials that are used for 
solar cell belongs to the group IV (Silicon, Germanium) or the combination of group III (Aluminum, 
Gallium, Indium) and group V (Phosphorous, Arsenide, Tin) or combination of group II (Zinc, 
Cadmium) and VI (Sulphur, Selenium, Telluride) [42,43]. Metals are the good conductor of electricity. 
Generally, the best conductors are single element materials including gold (𝐴𝑢), silver (𝐴𝑔), and copper 
(𝐶𝑢). A silicon single atom is surrounded by 8 nearby electrons in the lattice. In other words, four atoms 
of silicon contain covalent bonds with 4 surrounding silicon atoms. These bonds are just localized into 
the lattice and the atoms of silicon cannot move at normal temperature because they have very low 
energy and they are confined to low energy state [44] (Figure 2.2).  
 
Figure 2. 2: Energy diagrams of insulators, conductors and semiconductors [44]. 
To move to a high energy state, the temperature of lattice should be high or the electrons of such atom 
should possess high excited energy to conduct the charge throughout the lattice. Therefore, at absolute 
zero temperature, these electrons are fixed with their covalent bonds and they do not attain maximum 
energy to break the bond. To stay in low energy state (zero conduction), either the electrons attain zero 
energy or they attain maximum energy to move to high energy state(conduction). However, the 
electrons cannot stay in between these two states (bandgap). The bandgap is the energy between the 
bound state and a free state of the electron. The bandgap is a vital factor to control the efficiency of 
solar cells. Thus, to control the optical absorption various concepts for varying the bandgap of active 
layers in solar cells have been proposed [44]. As the electron goes to the high energy state either due to 
the elevated temperature or due to other lattices internal property (doping), space is created in place of 
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that departure electron called hole and this space is filled by another electron and so on. Therefore, the 
conclusive factors for solar cell operation include; 
1. Sufficient (minimum) bandgap creation. 
2. A maximum number of charge carriers (electrons and holes) to generate current/voltage. 
3. When the temperature of the cell becomes high or when light shines the surface of the solar cells a 
high number of electrons and holes generation, and minimum carrier recombination (electron-hole pair) 
rate. 
    2.2.2   Intrinsic and Doping Property 
An internal property of semiconductor materials is that no impurity or extra carriers are added into the 
lattice. This property is called intrinsic or original carrier concentration. These carriers of intrinsic 
materials are essentially depending on the bandgap and temperature of the material. The carriers of 
intrinsic materials are therefore in a smaller amount in high bandgap materials. However, a higher 
temperature can produce more transfer of electrons to the conduction band and therefore increase the 
charge carrier generation and so the efficiency of solar cell rises [37]. Hence, to enhance the carrier 
concentration of semiconductor materials at room temperature a technique is used called doping. In this 
technique, a material with an excess of electrons or holes is inserted into the semiconductor lattice that 
donates more electrons or holes to the semiconductor material. In the periodic table, group V atoms 
with one more electron than silicon atom are used for n-type doping (Figure 2.3). For example, this is 
due to the fact that 4 atoms of Phosphorous ‘P’ (doping material) form a covalent bond with 4 atoms of 
Si and one remaining electron appears as an extra carrier that tends to increase the conduction through 
a maximum number of electrons present in the lattice. Similarly, p-type doping (atoms with an excess 
of holes) is used in the materials with one electron less than Si atom [37] (Figure 2.3). In this process, 
3 atoms of group III elements form a covalent bond with Si and one electron of the silicon remains 
behind in order to form a bond with other atoms, results in hole production.  
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Figure 2. 3: Conduction in n-type semiconductor and p-type semiconductor [37]. 
The electrons and holes move in opposite directions that tend to current flow across the solar cell and 
this is called n-type and p-type conduction. The number of electrons and holes are equal. The overall 
flow of current is due to electrons (e) and holes (h) and that is given by I = I𝑒 + Iℎ. As the current flowing 
through a semiconductor of cross-section 𝐴 in one second is I = 𝑛𝑒𝜈𝐴 [45].  
And in intrinsic semiconductor 𝑛𝑖 = 𝑝𝑖 so,  
                                                             𝐼 = 𝑛𝑖𝑒(𝑣𝑒 + 𝑣ℎ)𝐴                                                             (2.1) 
 Since 𝜈 = μ𝐸                                     𝐼 = 𝑛𝑖𝑒(µ𝑒 + µℎ)𝐸𝐴                                                                  (2.2) 
since 𝐸 = 𝑉/𝑙                                          𝐼 = 𝑛𝑖𝑒(µ𝑒 + µℎ)𝐴𝑉/𝑙                                                               (2.3) 
Since the equilibrium carrier concentration is equal to the intrinsic carrier concentration combined 
with the number of doped carriers. For an intrinsic semiconductor, the concentration of electrons in 
the conduction band is equal to the concentration of holes in the valence band. The product of n0 and 
p0 is always a constant for a given semiconductor material at a given temperature T. [37]. 
                                                           𝑛0𝑝0 = 𝑛𝑖
2                                                                         (2.4) 
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where μ𝑒 and μℎ represent the electron and hole mobilities. μ𝑒 = 𝜈𝑒 /𝐸 and μℎ = 𝑣ℎ/𝐸. 𝜈ℎ and 𝜈𝑒 are 
defined as the drift velocities of holes and electrons (m/s) 𝑛𝑖 and 𝑝𝑖 are free electrons and hole 
densities in an intrinsic semiconductor (cm-3). 𝑒 is the electron charge (Coulomb ‘C’), 𝐴 is the cross-
section of semiconductor (m2). E is the applied electric field (V/m), 𝑙 (Meter ‘m’) is the length of the 
intrinsic semiconductor and 𝑉 is the applied voltage (Volt ‘V’).  
When the sunlight shines the surface of the metallic surface of a solar cell there are many chances of 
the light to get absorbed, reflected, or scattered through the surface. To increase the probability of 
electrons to become excited, the high energy photons of light should incident on a surface. In this way, 
the light absorbed into the surface can generate the emission of electrons from the surface. 
    2.2.3   Absorption Coefficient 
The sunlight incident on the surface of the substrate (metal) can penetrate through the surface. The 
distance that light covers during penetration to absorption is called the absorption coefficient ‘α’ (cm-
1). This coefficient mainly depends on the contact material, its thickness, and wavelength of light being 
absorbed. As the light with shorter wavelength has greater ability to be absorbed in the material 
therefore the absorption coefficient becomes large. Consequently, the light absorption of a solar cell 
depends on the material of top coating layers, nanoparticles, or plasmonic particles, as well as active 
material (absorber regions). This coefficient defines the material efficiency in a way that counts the 
number of photons absorbed within the cell and they can excite the electrons from the valence band to 
the conduction band to start conduction throughout solar cell Fig 2.4 [14, 45]. 
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Figure 2. 4: Absorption coefficient of (a) different semiconductors and (b) nanoparticle materials at 300K as a 
function of the vacuum wavelength of light [14]  
The absorption coefficient of different metals and non-metals depends on the wavelength spectrum as 
shown in Figure 2.4. It has been observed that semiconductors have a sufficient absorption coefficient 
with a sharp edge through all wavelengths. The light photons with low energy below the material 
bandgap do not participate to excite the electrons from the valence band to the conduction band. 
Subsequently, this amount of light tends to reflect or transmit and does not get absorbed. The absorption 
coefficient for some semiconductor materials is presented in Figure 2.4. Mainly, the absorption 
coefficient depends on the way of interaction of photon and electron but also the wavelength [14,37]. 
                                                                   𝛼 =
4𝜋𝑘
𝜆
                                                                     (2.5)                                                               
Here α is the absorption coefficient, k is extinction coefficient and λ is the wavelength. This equation 
shows a constant indirectly proportional relationship between absorption coefficient and wavelength 
which means α depends on the extinction factor and wavelength. However, the above Figure 2.4 shows 
that even for those photons which have an energy above the bandgap, the absorption coefficient is not 
constant, but still depends strongly on wavelength.  The probability of absorbing a photon depends on 
the likelihood of having a photon and an electron interact in such a way as to move from one energy 
band to another. For photons that have energy very close to that of the bandgap, the absorption is 
relatively low since only those electrons directly at the valence band edge can interact with the photon 
to cause absorption. As the photon energy increases, not just the electrons already having energy close 
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to that of the bandgap can interact with the photon. Therefore, a larger number of electrons can interact 
with the photon and result in the photon being absorbed. In short, this coefficient can vary with the 
bandgap energy of different materials that act differently under varied wavelength conditions.   
This absorption coefficient is a measure of the fact that how do an electron and photon interact such 
that the carrier tends to move from one energy band to another. When the photons having energy close 
or equal to bandgap tend to interact with the material, then only those electrons that are present to the 
edges of the valence band tend to absorb light and accelerate. However, as the photon energy increases, 
the electrons (present at the edges of the valence band) absorb light and excite to produce a conduction 
process.  
    2.2.4   Generation Rate 
Generation rate is the measure of the fact that defines the number of electron-hole pairs generate into 
the material as shown in Figure 2.5.  
 
Figure 2. 5: Generation of charge carriers by photon absorption [46] 
The excited electrons tend to move from primary energy state Ei to high energy state Ef  as can be seen 
in the Figure 2.5. Photon energy (E=hv) is defined as the difference of Ef and Ei as shown in equation 
(2.6) [37,45]. 
                                                                 ℎ𝑣 = 𝐸𝑓 − 𝐸𝑖                                                                  (2.6) 
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Hence the bandgap energy is defined as the energy difference between E𝑐 and E𝑣 as given in equation 
(2.7). Therefore, the light photon that has smaller energy than this bandgap energy will not tend to be 
absorbed [37,45]. All the photons with energy equal to or higher than the energy level difference will 
get absorbed. In case the photon with energy higher than the bandgap (hv>>Eg) (so-called energy 
difference) the extra energy is absorbed by the electron and emitted back in the form of phonons into 
the lattice of the material. This process is called thermalization. Absorption of a photon occurs only 
when the energy of the photon perfectly matches the energy gap between the initial and final states. On 
the other hand, if the photon energy is higher than the energy gap i.e. there is no pair of energy states 
such that the photon energy can elevate the system from the lower to the upper state, than possibly the 
matter will be transparent to that incident photon. 
                                                             𝐸𝑔 = 𝐸𝑐 − 𝐸𝑣                                                                   (2.7) 
Generation rate is also a measure of the efficiency of solar cell similar to the absorption coefficient. If 
we ignore the amount of reflections of light and only consider the amount of light absorbed, than the 
amount of absorbed light depends on the thickness of absorbing material and absorption coefficient 
[37]. 
                                                                   𝐼 = 𝐼0𝑒
−𝛼𝑥                                                                  (2.8) 
Here ' I' defines the intensity of light that is transmitted, I0 is the light intensity at the top surface, α is 
the absorption coefficient and ‘x’ is the distance into the material at which light intensity must be 
measured. So, by taking the differential of above equation we can define the generation rate by 
considering the photon instability per unit cell (cm-1) (N0) [45]. 
                                                               𝐺 = 𝛼𝑁0𝑒
−𝛼𝑥                                                                   (2.9)                                                 
The equation (2.9) describes the behavior of the intensity of light as exponential function throughout 
the material and that generation rate becomes highest at the surface of solar cells. 
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    2.2.5   Recombination 
When an electron becomes excited due to the transfer of photon energy to an electron then this electron 
moves to a high energy state (conduction band) where the electron can easily move. However, this 
electron in a higher energy state moves to a lower energy state to become stable by producing power. 
When this electron moves back to a low energy state it inevitably removes one hole or occupies the 
space present in the valence band. This process is called recombination. There are three types of carrier 
recombination. Radiative, Auger, and Shockley- Read Hall (SRH) recombination. Direct radiative 
recombination is a process in which an electron from the conduction band combines with the hole 
directly present in the valence band and releases a photon having the same energy as the bandgap. 
According to band theory, the electron needs to absorb a photon of energy ‘hv’ to move from valence 
to conduction band however when it moves from high to low energy band to becomes stable it emits a 
photon of the same energy ‘hv’. In this way, energy is conserved as shown in Figure 2.6 (a) [47]. 
SRH defines an extra energy level in between valence and conduction band where an electron first 
moves to the forbidden or extra band by giving off energy as a photon or through multiple phonons. 
Than, it combines with the hole by releasing more energy in the form of photons or phonons. The 
forbidden or extra band cannot exist in the pure form of materials because it is a property of the defect. 
We can say that this defect can be produced by doping. Thus, the distance of this newly introduced 
energy level is significant in the carrier recombination process because the number of electrons or 
carriers will tend to move to this energy band only if the distance of the band edge (the middle of the 
band state) is sufficient as shown in Figure 2.6 (c) [45]. 
In general, the Auger recombination requires three carriers in the process (Figure 2.6 (b)). When one 
electron from the conduction band jumps to the valence band, then it emits energy in such a form that 
it gives this releasing energy to the third carrier (electron present nearby). In this way that electron 
diminishes the conduction band edge gradually. 
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Figure 2. 6: (a) Direct radiative recombination (b) Auger recombination and (c) SRH Indirect recombination 
through trapping levels [45] 
Similarly, when this electron will absorb more energy it will tend to move to the low energy band. The 
term ‘minority carrier lifetime’ is defined as the maximum time that the carrier can spend in the excited 
state before recombination after the generation of an electron and a hole is called lifetime. Minority 
carrier diffusion length refers to the fact that when an electron-hole pair generates, than the maximum 
length the carrier covers from point of generation in the excited state before recombination is called 
carrier diffusion length. Carrier diffusion length and carrier lifetime only depend on the type of 
recombination that occurs in the semiconductor materials. 
    2.2.6   Diode Biasing and Current generation 
There is a significant impact on diffusion current and recombination when an external voltage is applied 
across a PN junction. For example, when the diode is forward biased then the depletion region becomes 
short and electrons are repelled by negative charge, and holes are repelled by a positive charge. 
Therefore, the diffusion current increases, and more electrons cross the depletion region as shown in 
Figure 2.7 (a). Hence, the existing depletion region electric field decreases.  However, in the reverse 
biased condition the electrons do not tend to cross the depletion region and so the diffusion region 
electric field increases, and the diffusion current decreases in reverse biasing (Figure 2.7 (b)) [37]. 
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Figure 2. 7: (a) Forward biased and (b) Reverse biased 𝑝𝑛 junction diode [37] 
In semiconductor materials, the current generation inside PN junction is an essential feature for diodes. 
The charge carrier concentration differs in different regions of material that leads to producing a 
concentration gradient, which allows the carriers to move from high to low concentration regions to 
balance the gaps throughout the structure. So, the electrons diffuse into the adjacent region and a net 
current is generated due to electrons diffusion (spreading equally) called diffusion current. This current 
does not depend upon external fields (electric field) but any kind of internal energy may enhance the 
current and diffusion. However, when an external electric field is applied to the diode then the carriers 
do not move randomly but they tend to drift towards or away from the junction in a sequence, and this 
kind of drift of carriers produces a current called drift current which depends on the electric field. Dark 
saturation current is the property of diodes and depends on the recombination. If a diode has a high 
recombination rate then it would have a high saturation current. This current mainly depends on the 
temperature that increases with the temperature but decreases with the material quality. Drift and 
diffusion current density equations are defined below [37]; 
                                                   𝐽𝑛 = 𝑞µ𝑛𝜀 + 𝑞𝐷𝑛𝛻𝑛                                                         (2.10) 
                                                  𝐽𝑛 = 𝑞µ𝑝𝜀 + 𝑞𝐷𝑝𝛻𝑝                                                          (2.11)                                                                             
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Where Jn and Jp are the electron and hole current densities, respectively, q is the charge, μ is the mobility 
of carriers, ε is the relative permittivity and Dn, Dp are diffusivities of electrons and holes.  
Forward and reverse biasing conditions of the diode are explained by Shockley’s equations [45]. The 
diode current equation can also be defined as; 
                                                  𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑉𝑑
𝜂𝑉𝑡
) − 1]                                                              (2.12) 
Where I represent the diode current and I0 is the reverse saturation current. Vd is the voltage across the 
diode, η is a semiconductor constant that depends on the device operating settings (η=1-2) and Vt is the 
thermal voltage where Vt=kT/q (𝑘 is the Boltzmann constant = 1.38 × 10−23 𝐽/𝐾, 𝑇 is the temperature 
and 𝑞 is the magnitude of electronic charge =1.6 × 10−19 𝐶). So, the diode current equation simply 
becomes [37]; 
                                                𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉𝑑
𝜂𝑘𝑇
) − 1]                                                                (2.13) 
The most imperative factor to analyze a solar cell efficiency is the I-V characteristics. I-V curve is the 
graphical illustration of the operation of a photovoltaic cell. I-V characteristic of a photovoltaic cell is 
the superposition of the I-V curve of solar cell in the dark (absence of light) and in illuminating 
conditions (under light) as shown in Figure 2.8 [48, 49]. 
 
Figure 2. 8: 𝑉𝐼 characteristic of photovoltaic cell under illuminated and dark conditions [37]. 
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In the absence of light, the solar cell has similar electrical features as of a large diode. A total shift in 
the electrical curve is directly proportional to the incident light intensity on the solar cell as shown in 
Figure 2.8. Where the maximum power that can be extracted is indicated by the shaded area in Figure 
2.8. Total diode current with the addition of illuminated current and dark current is defined as [37]; 
                                                    𝐼 = 𝐼0 [𝑒𝑥𝑝 (
𝑞𝑉
𝜂𝑘𝑇
) − 1] − 𝐼𝐿                                                     (2.14) 
Where I0 is the diode leakage current (under dark) or reverse saturation current, 𝐼L is the light generated 
current, 𝑉 is applied terminal voltage across diode, 𝑞 = electronic charge, k= Boltzmann’s constant 𝑛 = 
ideality factor and 𝑇= temperature.  
    2.3   Solar Cell Efficiency parameters 
    2.3.1 Quantum efficiency and charge collection Probability 
The collection probability of photocurrent carriers from the surface or junction of a solar cell depends 
on the surface properties as well as the traveling distance of the carrier within a solar cell. The 
probability of collection of these carriers becomes high at the center of PN junction because the carriers 
are probably swept by the junction electric field after their generation. So, there are more chances of 
the charge carriers to stay active across the junction. Another significant term called Quantum 
Efficiency (QE) explains the ratio of the number of generated charge carriers and the number of incident 
light photons to generate those charge carriers [15]. For example, if all the photons of certain 
wavelengths are absorbed than a high number of minority carriers are generated and collected, in such 
condition, the QE will be unity. However, if the energy of photons is below the bandgap then they do 
not tend to generate charge carriers, so there is no collection of carriers. QE is equal to the number of 
electrons generated by incident photons divided by the total amount of photons or light incident on a 
solar cell. In other words, 𝑄𝐸 measure the response of a photovoltaic device under different wavelength 
spectrum. It is defined either as an energy function or describes as a wavelength function. The QE of a 
device will be ‘1’ at a particular wavelength if all certainly generated wavelength photons are absorbed 
and the subsequent minority carriers are collected. 
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    2.3.2   Short Circuit Current and Open-circuit Voltage 
Another significant parameter of a solar cell is the short circuit current density (Jsc) and open-circuit 
voltage (Voc). The short circuit current is produced when there is no voltage across the device or solar 
cell. When the device is made short-circuited (emitter and base are connected together) and there is no 
voltage across the circuit, then the carriers are generated due to light. Thus, the generation of current 
carriers and their collection lead to short circuit current in the absence of any voltage [37]. 
                                                                  𝐽𝑠𝑐 = 𝑞𝐺(𝐿𝑛 + 𝐿𝑝)                                                      (2.15) 
Where Jsc is the short circuit current density, q is the charge of a carrier, G is the generation rate, Ln and 
Lp are diffusion lengths of electron and hole, respectively. Open-circuit voltage is the maximum voltage 
drawn from a cell or device when no current flows through a circuit. This also depends on illuminated 
current and dark current. The maximum amount of voltage that is taken from the solar cell at infinite 
load resistance is called open-circuit voltage (Voc). Under open-circuited conditions (no load is 
connected across the device) the generated current will be at its minimum (zero) value although the 
voltage will be at maximum value. Thus, the open-circuit voltage depends on saturation current values, 
and light generated current values. However, the saturation current itself depends on the recombination 
in the solar cell. In other words, Voc is a measure of the total recombination in a solar cell device. 
    2.3.3   Fill Factor, Maximum Power, and Power Conversion Efficiency 
The product of open-circuit voltage and short circuit current (where the product is becoming zero at this 
point (P=VI) along with the maximum power that goes through the solar cell defines the term Fill 
Factor. The Fill factor is also defined as the measure of photovoltaic solar cell quality which can be 
extracted by equating the maximum power (VmaxImax)to the output power (VocIsc) as can be seen in Figure 
2.9. Where the output power can be observed by open-circuit voltage and short circuit current graphical 
values (Figure 2.9) as defined by these equations [37,45].  
                                                              𝐹𝐹 =
𝑃𝑚𝑎𝑥
𝑃𝑜𝑢𝑡
                                                                    (2.16) 
                                                              𝐹𝐹 =
𝑉𝑚𝑎𝑥𝐼𝑚𝑎𝑥
𝑉𝑜𝑐𝐼𝑠𝑐
                                                            (2.17) 
23 
 
Fill factor can be taken graphically as the proportion of the rectangular zones as shown in Figure 2.9. 
 
Figure 2. 9: Reaching maximum Power and Fill factor from I-V characteristics [37] 
Efficiency is a measure of produced energy from the solar cell to supplied energy from the sun. This 
can be defined as the portion of maximum power that can be transformed into electricity. Maximum 
power ‘Pmax’ is the product of open-circuit voltage ‘Voc’, short circuit current ‘Isc’, and the Fill factor 
‘FF’. 
                                                      
FFVP scoc=max                                                                   (2.18) 
In order to relate the performance of two solar cells, the Power conversion efficiency is the most 
commonly used parameter and known as PCE. It is defined as the proportion of solar cell output power 
‘Pout’ to the input power ‘Pin’ from the sun.  
                                                  𝑃𝐶𝐸 =
𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹
𝑃𝑖𝑛
                                                                       (2.19) 
Power conversion efficiency mainly depends on short circuit current density, open-circuit voltage and 
Fill factor as well as it depends on solar cell Temperature, Incident light intensity and type of solar 
spectrum. The working conditions of two or more comparable solar cell devices should be controlled 
carefully in order to measure the PCE. 
24 
 
    2.4    Solar Cell Design Key Features 
    2.4.1   Optical Losses 
Optical losses are the key feature to analyze the solar cell efficiency that defines the energy received or 
absorbed by the solar cell in the form of light. Optical losses describe the term that incoming sunlight 
can be reflected under some specific conditions by the surface of solar cell and the light does not get 
absorbed by the solar cell, thus, unable to generate electron-hole pairs. The visible light spectrum 300-
700nm wavelength contains sufficient energy to generate carriers so it tends to be absorbed 
exceptionally. Optical losses also depend on the refractive index or reflective index of different 
materials. Consequently, Anti-reflection coating (ARC) is used to minimize the effect of light 
reflections from the top surface of the solar cell. Anti-reflection coatings on solar cells are similar to 
those used on other optical equipment such as camera lenses. They consist of a thin layer of dielectric 
material, with a specially chosen thickness so that interference effects in the coating cause the wave 
reflected from the anti-reflection coating top surface to be out of phase with the wave reflected from 
the semiconductor surfaces. These out-of-phase reflected waves destructively interfere with one 
another.  In this way, they cancel the energy of each other and no waste of energy. Double layer anti-
reflection coating is mainly achieved by covering the double layer of anti-reflection material over the 
top surface of the photovoltaic device. In this way, the reflections of light can be much reduced. Surface 
texturing (generally inverted textures) is also used to make solar cell surface rough to increase the 
resistance, so there are more chances to absorb maximum light and less reflections [50]. Surface 
texturing comprises various shapes including pyramids or inverted pyramids, hexagonal, square, and 
arbitrary cone-shaped textures. When light falls on the surface of solar cell, than it reflects with the 
same angle as of incident angle. However, when light falls on the solar cell surface with textures or 
metallic nanoparticles, than light reflects and bounces more than one time, so there are more chances 
for the device to absorb the light and to generate electron-hole pairs. 
    2.4.2   Light-trapping, Light Management and Maximum Absorption 
Light management or coupling of light is defined as, any specific method that contributes towards solar 
cell efficiency enhancement is part of optical management and trapping of light. Light management is 
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different for each substrate material like single crystalline silicon or multi-crystalline silicon solar cells. 
Mainly, this feature can be maintained by the development of Anti-Reflection Coatings (ARC) (to 
enhance light coupling), the integration of back metal reflectors (to prevent light transmission from the  
back of solar cell), and surface texturing of TCO or substrate interfaces (to enhance multiple scattering 
inside the absorber material and to increase light path) [22,50] as shown in Figure 2.10 (A, B, and C).  
 
Figure 2. 10: A) Light entering a slab with Anti-Reflection Coating. B) Slab with AR coating on top and a back-
mirror reflector. C) Light scattering in a slab with textures [50]. 
ARC can reduce the light reflections between solar cell interface and air and helps to absorb more 
photons of light into the absorber layer (Figure 2.10 (A)). The photons can escape from the backside of 
the solar cell if the absorption depth of photons is greater than the width of the absorber layer. Thus, the 
addition of a metallic back reflector can minimize the probability of low energy photons to escape from 
the backside of the solar cell (Figure 2.10 (B)). Back reflectors can simply enhance the path length of 
low energy photons for absorption. Moreover, the surface texturing is also adopted in silicon solar cell 
devices to enhance light coupling and trapping. Since textures can turn the incident light into multiple 
different angles that allow the incident light to scatter multiple times and to travel a longer distance to 
increase the absorber thickness space for light [2,12,18,22,50] (Figure 2.10 (C)).  
The main goal of light-trapping in a solar cell is the maximum optical absorption. The optical absorption 
depends on the light confinement or light-trapping inside the absorber layer of a solar cell. Light 
absorption will be maximum as the light confinement is for a longer time. Thus, light confinement can 
usually be increased by using surface texturing (to keep the low energy photons for a long time) or with 
the addition of nanoparticle (as discussed previously). These strategies indorse the light coupling and 
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trapping in thin layers of solar cells where the texturing size of textures can be in the range of tens of 
nanometers or micrometers. Thus, various texturing types can significantly increase the light absorption 
along with the specific geometry arrangement of solar cell layers. 
    2.5   Conclusion 
A comprehensive overview of the theoretical background and numerical analysis has been presented in 
this chapter. The theory, physics, and operation of solar cells have been described in detail. The 
performance parameters, efficiency relevant techniques used for solar cell modeling is presented and it 
shows how the device function internally. We have demonstrated the semiconductor properties, solar 
cell efficiency parameters, and device losses which is an essential aspect of solar cell device design. 
Also, the optical propagation features (optical transmission and reflection phenomena) are analyzed in 
this section.  
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Chapter 3 
 
A Review of Literature 
 
   3.1   Thin-Film Solar cell Technology 
Thin-film technology is one of the most promising developments in photovoltaic research. High 
conversion efficiency can be achieved through various significant light-trapping strategies including 
nanoparticles at substrate surfaces, Nanorods/Nanotubes, and introducing photonic crystals in absorber 
or transparent layers [51-56]. The most common and effective approach is surface texturing at the front 
or back contact to enhance in-coupling and scatterings of light [53,54]. Silicon thin-films are bad 
absorber and do not absorb sufficient light in the visible range and for longer wavelengths in 600–800 
nm range. Improving the absorption efficiency of thin-film silicon solar cells is thus a crucial part for 
photovoltaics, thus different practical methods and Nano techniques have been developed for photon 
management in random or periodic textured silicon solar cells and nanocrystals in superstrate or 
substrate configurations [55-61]. Such Photovoltaic (PV) cells are made of Cadmium Telluride and 
Copper Indium Gallium Selenide (CdTe/CIGS) semiconductor materials. The combinations of complex 
compounds have been reported as a good light absorber in terms of cost and efficiency effectiveness 
based on their bandgap well-matched ability to the normal sunlight [62-64]. Such complex PV 
combinations of semiconductor compounds have been extensively used by many research groups and 
competitive PV teams to optimize the bandgap and to increase the light absorption. Different methods 
have been established to derive optimal surface textures in silicon thin-film solar cells to provide a good 
settlement between light in coupling at short wavelengths and maximum light-trapping at long 
wavelengths [54,58]. So far, the best performing nanostructure thin-film materials including 
polycrystalline silicon are considered reasonable in terms of fabrication cost-effectiveness and overall 
efficiency (which strongly relies on randomly textured substrates) [65]. Thus, the most effective 
methods to increase the optical and electrical performance of solar cells were configured with periodic 
or random texturing of substrates along with thin transparent oxide [57,66-69]. For the present era, it is 
important to achieve goals of coupling as much light as possible along with low-cost fabrication and 
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high-quality. Therefore current solar cells include back reflectors, anti-reflection coatings, surface 
texturing, and window or buffer layers as necessary elements for light management [70-75]. CdS is 
commonly used as buffer layer material in thin-film solar cells along with Copper-Indium-Gallium-
Selenide (CIGS) and Cadmium Telluride (CdTe) absorber materials due to their wide bandgap 
properties [62,63,76]. Thin-films of CdS with high n-type polarity are the most appropriate material as 
carrier transport layers and have a significant effect on conversion efficiency where the thickness of 
these films leads to high short circuit current densities and enhanced absorption in absorber layers. To 
achieve a high conversion efficiency of silicon solar cells, different bandgap material layers are also 
stacked together to form sufficient light-trapping solar cells. Thus, those layers respond to different 
wavelength ranges and lead to maximum absorption for the whole sun spectrum [77-82]. 
Thin-film solar cell nanostructures often present promising features when graphene or graphite is used 
as an electrode or as a front thin sheet with high transparency and optical conductivity. Graphene is an 
exceptional material with numerous appealing properties such as tunable optical absorption, near-zero 
bandgap, high portability, adaptability, high electrical conductivity, and best transparency which have 
simulated many research interests [83-85]. The 2D nature of graphene is considered to attain high 
thermal, electrical and mechanical stability, as well as high optical conductivity insensitive to material 
parameters, which can be used as the utmost promising feature in photonic and optoelectronic devices 
[86,87]. The absorption of monolayer graphene towards incident sunlight waves is moderately weak 
which has a serious impact on graphene applications in Photovoltaics areas [86-91].  
Textured dielectric, Transparent conductive layers, and substrates have been developed to scatter the 
incident light and increase the optical path length inside the solar cells [92]. Though, it is well known 
that the usage of excessively steep textures with V-shaped or rounded shaped valleys often encourages 
defective porous areas during the µc-Si growth, resulting in poor photovoltaic performance. So, various 
wavelength-scale texture formation on the substrate, transparent oxide layers, or on metal reflectors are 
used to enhance light-trapping through inner reflections [92-94]. Thus, in conventional thin silicon solar 
cells metal back reflectors are employed to increase rear optical reflections.  
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During the past few years, graphene has been employed in a variety of semiconductor heterostructures 
for optoelectronic devices such as solar cells, photosensors, optical detectors, etc. [95-98]. However, it 
has always been a dilemma in choosing the perfect material and layer thickness for heterojunction 
assemblies. Two-dimensional (2D) graphene has been proved to be a promising material for photonic 
applications as it offers high optical/electrical conductivity and transparency; still, the absorption rate 
in graphene is limited and can be tuned by adjusting layer thickness [99,100]. Graphene has promising 
scope in Schottky junction or graphene on silicon-based solar cells. In graphene-on-Silicon Schottky 
junction solar cells graphene can function as a transparent electrode for light transmission as well as 
carrier transport and separation phenomena, where a graphene film can be transferred onto n-silicon 
semiconductor at room temperature offering low-cost and easy fabrication compared to traditional 
Schottky junction solar cells [101-104]. Recently, various approaches have been made to increase the 
power conversion efficiency by using several layers of graphene, chemical doping, the addition of anti-
reflection coatings, and presenting light-trapping layers in solar cells. Moreover, introducing a hole 
transport layer, plasmonic enhancement via nanoparticles, and a combination of graphene on III-V 
group compounds have been investigated [105-114]. According to recently reported structures, the 
power conversion efficiency of graphene-silicon solar cells was improved in different ways from 8% to 
9% [107,115,116]. When these solar cells are combined with anti-reflection coatings, the light 
refractions were significantly improved in the case of Schottky junction solar cells, but still, the 
efficiency is low due to the low barrier height of graphene-silicon junction which causes an increase in 
leakage current and low open-circuit voltage [117]. Numerous approaches reported tackling this 
problem such as the insertion of a fragile insulating layer as an electron blocking layer in metal-
insulator-semiconductor structures serving as a preventing layer for the diffusion of carriers from silicon 
to graphene and less carrier recombination at interfaces [118-121]. Additionally, the thickness of this 
insulating sheet between graphene and silicon should be very selective and uniform to avoid high series 
resistance effects. The h-BN appears to be an attractive candidate as an interfacial insulating layer for 
graphene-silicon solar cell structures [122-125]. Moreover, h-BN can work as an effective electron 
blocking or hole transporting layer due to its exceptional structural properties [123,125]. 
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    3.2   Overview of Existing Approaches 
 
Nanostructured materials are being examined and created as adaptable parts of optoelectronic devices 
as they can control light (through plasmonic structures, Nanoparticles, or quantum dots/wells 
techniques). At present times, the solar cells that exhibit nanostructures are not as productive as 
conventional ones. However, their low-cost and excellent quality counterbalance this. Solar cell 
nanostructures have a great guarantee towards new methodologies as they can convert sun energy into 
electricity or chemical fuels. There are still some difficulties to overcome, as the potential advantages 
are justified regardless of the endeavours. Various approaches have been proposed for the efficiency 
enhancement of Nanostructured thin-film solar cells over the Shockley-Queasier limit. However, for 
easy classification, they are grouped into few classes. Few of them focus on multi-quantum 
well/quantum dots techniques including thermodynamic models, macroscopic continuum transparent 
models, and quantum kinetic approaches. Some of the approaches for high-performance solar cell 
devices are focused on thin modulated surface textures and grating diffraction for light-trapping 
techniques. Most significant approaches were made on studying nanostructure materials specially 
metamaterials, metallic crystals and dielectric substrates are a step-in right direction. As a result, each 
year numerous methodologies, materials and texturing techniques have been proposed to enhance the 
efficiency and lower the cost of new generation photovoltaic solar cells. 
    3.3   Solar cell Methods using Metamaterials 
 
Recent research by L. Huang and H. Chen from the Electromagnetics Academy at Zhejiang University 
have demonstrated the effects of metamaterial absorber that exhibit very insensitive behavior to the 
polarization of the incident wave. This behavior is due to the uniform and symmetric aspects of closed 
rings [40]. This research shows that the performance of absorber metamaterial solar cell depends on the 
polarization and refractive index of the incident wave and the guided-modes.  
The substrate material was layered up with a metallic plate and above this plate, silicon nitride layer 
was deposited [40]. At the front surface of the device, an array of metallic stripes was placed by constant 
and specific distances with width ‘w’ height ‘h’. The distance between two ends was defined as ‘d’ and 
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thickness as ‘t’. These stripes with specific cross-section w x h were defined, so they would be able to 
absorb maximum light. Dielectric permittivity, absorption and ‘S’ parameter were calculated and 
measured. Some modern designs with the front metallic contact and different shapes and orientation 
were introduced like, inverted circular and rectangular at the front interface, and pyramidal shapes etc. 
Parametric results of absorption rate versus frequency ranges were shown by using variation in ‘t’, ‘w’, 
‘d’, and ‘h’ and they showed great progress (Figure 3.1). 
 
Figure 3. 1: Absorption for different polarization factors and thickness of absorber material [40] 
Yang Liu, Yitungchen, Jichun li, ‘UNLV Center for Energy and Research’ demonstrated that absorption 
in the solar cell by using silicon nitride metamaterial is much greater than regular materials. The 
composite materials were designed such as metal strips were replaced by other materials gold, copper, 
and nickel. Whereas, each metal strip effect can be analyzed by using four different deposited oxides 
including, silicon nitride, amorphous silicon, polycrystalline silicon, and crystalline silicon. The 
attained results demonstrated that a high absorption rate of up to 84.29% was measured when a nickel 
strip was used with a silicon nitride layer. Similarly, the equivalent contrast of Ni with SiN showed the 
maximum efficiency for an overall solar spectrum instead of the visible range of the solar spectrum 
(Figure 3.1). 
32 
 
At Imperial College London [126] a new class of metamaterials has been studied where the performance 
can be controlled by the nanostructure and their electric and magnetic properties. There was detailed 
research on the behavior of these materials when compared with photonic crystals, and how they exhibit 
negative index [126]. Another research was inducted by using a coupled-wave analysis of 2D periodic 
metamaterial multijunction solar cells [130]. This study showed a deep analysis of mathematical models 
of periodic cavities and coupling of different optical modes to obtain high performance for periodic 
solar cells. Recently, a study showed that solar cell utilizing metamaterials can have specific 
composition and structures such that the refractive index of material if set to be one, it could minimize 
the effect of reflections and polarization of light. The anti-reflective coating and sawtooth type texture 
shapes of metamaterial have been used in the second layer of the proposed design in order to tune the 
bandgap and cover the whole solar spectrum to increase efficiency [131]. 
    3.4   Light-trapping by Photonic Crystals, Surface Texturing and 
Plasmons 
 
Many new techniques have been introduced for light-trapping in solar cells to enhance optical 
absorption within a solar cell. As there are many chances of light reflection from the surface of planar 
solar cells and many chances for light to be absorbed within the material. Recently, a research technique 
to achieve high light-trapping by photonic crystals is proposed that mainly focused on light absorption 
methods. A research was utilized to enhance the optical path length within the solar cell, in this way the 
light would have more chances to absorb in the active layers [132]. Thus, the obtained results showed 
that the solar cells can be designed with reduced materials in order to reduce the cost and enhance the 
efficiency. Moreover, solar cell efficiency depends on whether the solar cell is encapsulated in a glass 
of the same refractive index as the polymer. As this is a well-known fact that transition in the refractive 
index from silicon medium to glass medium is less than the transition from silicon medium to air 
medium. In this way, the reflections of light can be minimized significantly when the solar cell is 
encapsulated due to a reduction in the refractive index. Recently, another new structure was introduced 
based on Lambertian light-trapping techniques. Surface texture is the most efficient technique that was 
used for mono/multi-crystalline wafer-based solar cells to increase the optical path length within a solar 
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cell that is required to utilize more material for texture production [133]. For multi-crystalline silicon 
thin solar cells, this strategy is insufficient because their cross-section is rather thin, thus they require 
other methods to reduce optical reflections and to increase carrier lifetime. So, new techniques for thin 
solar cells were proposed where a textured glass substrate was used as an anti-reflection surface and 
light-trapping. Thus, the surface passivation showed a significant effect at the rear and front sides of 
the device.  
A research approach of multilayer solar cell nanostructure with photonic crystals was presented where 
periodic core-shell photonic crystals were exploited as optical absorbers [134]. Photonic crystals were 
used as periodic absorber structures within lattice with the thickness as a wavelength of light. They 
interacted with the light such that they showed significant diffraction and optical bandgap that could 
enhance the light-trapping within the solar cell. Very interesting research about photonic crystals was 
presented where the photonic crystals were introduced at the bottom side of the solar cell so that the 
incoming light could couple appropriately when in contact with the rear part [135]. Previously, many 
periodic texture structures like photonic cylinders, photonic cones, pyramidal crystals, dimples, rose 
crystals and zigzag crystals have been utilized to enhance the performance of the solar cells [135].  A 
concept of using metamaterials for coupling of light has been used by many research groups, and 
different dimensions of solar cell structure including thickness, height, fill factor, and efficiency was 
measured. Moreover, a rear oxide layer was introduced to reduce the absorption of light in unwanted 
regions or layers to achieve high light captivation [46]. Lately, two new structures with lower symmetry 
have been integrated to analyze the efficiency and light-trapping, which showed that the structures with 
lower symmetries have high efficiencies, nevertheless, they are rather complex to fabricate. Moreover, 
there are numerous techniques for one-sided and double-sided pyramid texture structures that 
demonstrate the adaptable light-trapping efficiency of a solar cell. There is an eminent fact that front 
side textures exhibit low anti-reflection factors, thus the addition of multilayer anti-reflection coating 
can minimize this factor (Figure 3.2).   
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Figure 3. 2: Different light-trapping approaches using textures [135] 
The advantage of texturing and anti-reflection coating is that the light is coupled into the active layers 
and absorbed. However, the drawback of texturing is that the solar cell structure would require more 
material, additionally, it can increase the surface recombination. Thin-film solar cells tend to show high 
efficiency because they have compact and small size. Therefore, fewer chances of recombination occur 
and all the generated carriers are collected throughout the solar cell.  
Recent research was projected to enhance the photocurrent in solar cell nanostructure by using a 
plasmonic hemispherical core-shell of dielectric material nanoparticles. This approach represented a 3D 
analysis of spherical arrays of crystalline silicon and simulated by using the Finite Difference Time 
Domain (FDTD) technique. Some researchers have used plasmonic nanostructures to counterbalance 
the low efficiency of thin-film solar cells, where a combination of ultrathin silicon film was placed over 
the nanograting substrate along with silver stripes. This combination could enhance the coupling of 
multiple resonant modes, so the performance of up to170% over full sun spectrum was increased [136]. 
Hence, numerous strategies have been proposed to use plasmonic and photovoltaic as a combination 
which represents a promising way to enhance overall light absorption in solar cells [48,137]. 
    3.5   Quantum Wells and Quantum Dots Solar cell strategies 
 
In the last 10 years, many advancements have been projected to build a low dimensional structure to 
create a new generation of the solar cells. Thus, quantum dots solar cells with zero-dimensional nature 
and specific energy level configurations are the perfect possibilities to utilize for the engineers to obtain 
an efficiency of up to 63% [138]. 
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Recently a critical analysis has been assessed for high performance of nanostructure solar cells with the 
utilization of quantum dots and quantum well absorbers that can have an elevated level of coupling with 
the nanoparticles. This additional investigation showed that the quantum containments in solar cells 
directly impact on the optical and internal properties of solar cell nanostructure [30,139]. However, it 
is difficult to find a bulk absorber material that could satisfy the desired bandgap requirements as shown 
in Figure 3.3 [49]. Therefore, the use of quantum wells or quantum dots can enhance the generation of 
photo carriers and the strong coupling of electric field components. Moreover, it requires extra 
quantum-kinetic methodologies. 
 
Figure 3. 3: (a) quantum dots strongly coupled in absorber layer (b) Absorber layer in intrinsic region and carrier   
generation in bulk regions [49]. 
An interesting modeling approach was developed by researchers with detailed analysis of cadmium 
sulfide (CdS) quantum dots, where these dots were subject to various periods and then stored by sol-
gel through aqueous techniques [140]. The methods that were utilized in the considering study were 
powder x-ray diffraction to measure the particle size and scanning through an electron microscope. This 
cadmium sulfide quantum dot solar cell proved to be in good agreement regarding diffraction grating 
and bandgap energy requirements. The diffraction patterns were calculated by scanning electron 
microscopy ‘SEM’ images at different peak angles along with desired bandgap energy. SEM is a 
technique in which high energy electrons are focused in a mono beam direction to generate signals at 
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the surface of solids. Generally, this technique has been used previously to scan large area samples of 
silica beads to produce clear images of coated surfaces [141]. 
    3.6   Light Management Approaches in Silicon Solar Cells 
 
Several light-trapping techniques have been used in the modern age of photovoltaics to improve solar 
cell efficiency by developing different Nanostructures like Nanowires and Nanorods. Thus, Nanowire 
crystal silicon solar cell structures proved to attain the best light-trapping capabilities compared with 
the planar silicon solar cells [47,142]. Recently, some research approaches demonstrated that Nanowire 
Si solar cell structures improve the optical performance of the device and have a significant impact on 
the optical and internal parameters of nanostructures together with antireflection coatings. Hence, these 
coatings make a good promise for providing better productivity in terms of maximum light absorption 
factor and less reflection factor [143,144]. Silicon Nano arrays occupy a fraction of the volume with 
wafer-based devices and exceed the ray-optics light-trapping absorption limit of an equivalent volume 
of textured and planar Silicon devices. However, Si solar cells show broadband, nearly unit internal 
quantum efficiency (QE) in terms of carrier generation rate because of relatively short diffusion lengths 
of the minority carriers. Currently, an advanced method has been used for silicon nanostructures in 
diverse ways to calculate the optical absorption of silicon Nanowire solar cells by using net radiation 
and effective medium approximation techniques. This study demonstrated that the antireflection 
coatings are the best key factor to minimize the reflections of light. Moreover, Nanowire is the best 
structure to improve the light coupling, thus the efficiency of a solar cell depending on physical 
dimensions of the absorber cross-section is also shown in Figure 3.4. Thus, there are different lengths 
and shapes of nanowires and textures based on the enhancement and transmission factor of the structure 
that is used to analyze the best dimension for a light-trapping structure [145]. 
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Figure 3. 4: Diagram of Nano wire arrays solar cell with n-Silicon nano wire shell, p-Silicon substrate, Indium 
Tin Oxide (ITO) top coating layer and Aluminum (Al) back reflector [145]. 
Another late investigation about plasmonic nanotechnology and surface passivation technique was used 
together to obtain the improved performance of single-crystalline solar cells [145]. This study was 
simulated by using the FDTD method with the measurement of maximum photocurrent generation and 
improved light-trapping in nanostructures. Several metallic nanoparticles are made of cubic and 
hemispherical Ag material that has been utilized as a promising material for light-trapping in solar cells. 
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Chapter 4 
 
   Numerical Modeling and Simulation Framework 
 
    4.1 Numerical Modeling 
 
Numerical modeling or analysis is a computer simulation program that uses the mathematical model 
for the implementation of a physical system. Numerical modeling is the tool to study the system 
behavior having complex mathematical models and helps provide analytical solutions. It is an essential 
tool for a better understanding of the working parameters of any device. Numerical analysis can play a 
significant role in the manufacturing and fabrication of efficiently working semiconductors based 
photovoltaic devices. For design engineers and researchers, the highest priority job of numerical 
modeling techniques implementation is the integration of real-life problems with a virtual machine 
environment because of finding the optimum and efficient ways for solving a complex problem. The 
precious time is saved due to performing the real design problem in computer-based test environments 
without physical or practical implementation. So, the research institutions and universities emphasize 
computer-based learning techniques. The modeling techniques are used to compute the fundamental 
physical properties such as holes and electrons concentration and electrical potential. It also provides 
more information regarding the influence of material physical parameters on device functional 
parameters or characteristics. For the numerical modeling of solar cells, physical parameters of material 
are taken as input for the simulation software. To translate the practical or real device J-V characteristics 
and functional parameters such as power conversion efficiency, fill factor, open-circuit voltage, and 
short circuit current in device modeling, it is mandatory to take experimental data. Numerical simulation 
provides a better and easier way to understand the device behavior. For a better understanding of the 
performance of a device, the simulation software that can be used for device modeling must be able to 
solve semiconductor basic equations like continuity equation for holes and electrons and the Poisson 
equation relating the charge to electrostatic potential. 
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   4.2 Methods and Methodologies used in This Thesis 
 
Based on the proposed solar cell structures and their critical analysis, the utilized finite element 
methodologies, numerical modelling, and solver simulation conditions are presented here. The finite 
element method (FEM) in the technical framework of COMSOL Multiphysics is a great tool to 
maximize the accuracy of solutions for highly nonlinear problems. Configuration of solar cell structures 
in multi-dimensional Full Vectorial Finite Element Method (FVFEM) can be described in detail by 
using solver equations and applied boundary conditions to calculate the efficiency of a solar cell device.  
    4.2.1  Finite Element Method (FEM) 
Recently, some periodic nanostructures that exhibit random textures along with metallic nanoparticles 
or nanowire characteristics have been investigated with great interest [146]. The consequences of 
periodic and random textures in solar cell nanostructures can only be examined through approximation 
methods, including scalar scattering theory (studied in early years), Finite Element Method (FEM) and 
Finite Difference Time Domain Method (FDTD). Among all of these approaches, FEM approximation 
is the most adaptable Maxwell's solver method that is utilized to perform optical simulation of random 
nano texture structures with high precision.  
FEM can execute a simulation of periodic structures and small textures by taking into account the 
explicit boundary conditions which naturally do not describe the character of small texturing surfaces 
[146,147]. The methodologies used in this thesis are to execute optical simulations of silicon thin-film 
solar cell nanostructures for maximum light-trapping and the flow chart explaining the basic utilization 
of FEM is shown in the Figure 4.1 below [146]. 
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Figure 4. 1: Finite Element Method simulation flowchart [146]. 
FEM implementation allows the simulation of various kinds of optical structures with high precision 
and accuracy. Recently, several simple FEM based simulations have been accomplished to analyze the 
photocurrent density of thin-film solar cells. Finite Element Method is the numerical formulation 
applied by using COMSOL Multiphysics to solve the boundary value problems. Since COMSOL 
Multiphysics has Finite Element and Finite Volume discretisation modes for interfaces. The 
semiconductor interface normally incorporates linear formulation for simple structures, where it uses 
logarithmic finite element formulations and finite volume formulations for complex geometries. Each 
considering formulation for the desired structure interface can be selected in the section of discretisation 
mode. Thus, finite element formulation normally works more precisely and faster than other solver 
methods (Finite difference time domain and Boundary element method) and it also offers wider degrees 
of freedom. There are some key points to apply FEM formulation to the random or linear nano texture 
and nanoparticle interfaces of a solar cell. Initially, the primary values including material, geometry and 
excitation conditions are defined for the solar cell structure. Than, the generation profile is used to 
calculate the generation rate inside the structure. Afterwards, current-voltage characteristics (I-V) are 
obtained. Next step is to apply FEM approximation to the structure geometry. Subsequently, the solar 
cell structure exhibits nanowire/nanoparticles or periodic textures to enhance the optical absorption. 
The positions of nanoparticles, textures, scattering interfaces and all material layer geometry is defined 
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by FEM boundary conditions. Thus, the simulation study of solar cell structure employs the finite 
element method to analyze the electric field inside the absorber or active region by using Maxwell 
equations and Fresnel equations. 
4.2.2 FEM complex Modeling Analysis 
 
Engineering study of mechanical systems has been addressed by originating differential equations 
relating the variables through basic physical principles such as equilibrium, conservation of energy, 
conservation of mass, the laws of thermodynamics, Maxwell's equations, and Newton's laws of motion. 
However, once formulated, solving the resulting mathematical models is often impossible, especially 
when the resulting models are nonlinear partial differential equations. Only very simple problems of 
regular geometry such as a rectangular of a circle with the simplest boundary conditions were tractable. 
The finite element method (FEM) is the dominant discretization technique in structural mechanics. The 
basic concept in the physical interpretation of the FEM is the subdivision of the mathematical model 
into disjoint (non-overlapping) components of simple geometry called finite elements or elements for 
short. The response of each element is expressed in terms of a finite number of degrees of freedom 
characterized as the value of an unknown function, or functions, at a set of nodal points. The response 
of the mathematical model is then considered to be approximated by that of the discrete model obtained 
by connecting or assembling the collection of all elements. The disconnection-assembly concept occurs 
naturally when examining many artificial and natural systems. For example, it is easy to visualize an 
engine, bridge, building, airplane, or skeleton as fabricated from simpler components. Unlike finite 
difference models, finite elements do not overlap in space.  
4.2.3 Objectives of Finite Element Analysis 
 
• Understanding the essential ideas of the FEM·  
• Knowing the behavior and usage of each type of elements covered in structural concepts·  
• Be able to prepare a suitable FE model for structural mechanical/electrical analysis problems·  
• One can interpret and evaluate the quality of the results (knowing the physics of problems). 
• Be aware of the limitations of the FEM by using it as a numerical tool.  
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4.2.4 Finite Element Analysis properties 
 
A typical finite element analysis on a software system requires the following information:  
1. Nodal point spatial locations (geometry)  
2. Elements connecting the nodal points  
3. Mass/physics properties  
4. Boundary conditions or restraints  
5. Loading or forcing function details  
6. Analysis (study) options  
Because FEM is a discretization method, the number of degrees of freedom of a FEM model is 
necessarily finite. They are collected in a column vector. This vector is generally called the DOF vector 
or state vector. The term nodal displacement vector is reserved for mechanical applications.  
4.2.5 FEM Solution Process for 2D and 3D Discretisation  
 
For linear functions in 2D and 3D, the most common elements are illustrated in Figures 4.2 and 4.3 
below. The linear basis functions, as defined in a triangular mesh that forms triangular linear elements. 
The basic functions are expressed as functions of the positions of the nodes (x and y in 2D and x, 
y, and z in 3D). 
In 2D, rectangular elements are often applied to structural mechanics analyzes. They can also be used 
for boundary layer meshing of energy or heat transfer modeling. Their 3D analogy is known as the 
hexahedral elements, and they are commonly applied to structural mechanics and boundary layer 
meshing as well. In the transition from hexahedral boundary layer elements to tetrahedral elements, 
pyramidal elements are usually placed on top of the boundary layer elements. 
43 
 
 
Figure 4. 2: Node placement and geometry for 2D and 3D linear elements [146]. 
The corresponding second-order elements (quadratic elements) are also used for the discretization 
process. Here, the edges and surfaces facing a domain boundary are frequently curved, while the edges 
and surfaces facing the internal portion of the domain are lines or flat surfaces. However, there is also 
the option to define all edges and surfaces as curved. Lagrangian and serendipity elements are the most 
common element types in 2D and 3D. The Lagrangian elements use all of the nodes below (black, 
white, and gray), while the serendipity elements omit the gray nodes. 
 
Figure 4. 3: Second-order elements. If the gray nodes are removed, we get the corresponding serendipity 
elements. The black, white, and gray nodes are all present in the Lagrangian elements [146]. 
In short, the FEM analysis consists of the following Procedures.  
1. Divide structure into pieces (elements with nodes) (discretization/meshing)  
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2. Connect (assemble) the elements at the nodes to form an approximate system of equations for the 
whole structure (forming element matrices)  
3. Solve the system of equations involving unknown quantities at the nodes (e.g., displacements)  
4. Calculate desired quantities (e.g., strains and stresses) at selected elements. 
4.2.6 Error Estimates, Convergence, Mesh Refinement in FEM 
 
When discussing FEM, an important element to consider is the error estimate. This is because when an 
estimated error tolerance is reached, convergence occurs. Thus, the discussion here is more general 
rather than specific to FEM. 
The finite element method gives an approximate solution to the mathematical model equations. The 
difference between the solution to the numerical equations and the exact solution to the mathematical 
model equations is the error: e = u - uh. In many cases, the error can be estimated before the numerical 
equations are solved (i.e., a special error estimate). A priori estimates are often used solely to predict 
the convergence order of the applied finite element method. For instance, if the problem is well-posed 
and the numerical method converges, the norm of the error decreases with the typical element size, 
where the size factor denotes the order of convergence. This simply indicates how fast the norm of the 
error is expected to decrease as the mesh is made denser. 
The finite element method (FEM), or finite element analysis (FEA), is a computational technique used 
to obtain approximate solutions of boundary value problems in engineering. Boundary value problems 
are also called field problems. The field is the domain of interest and most often represents a physical 
structure. The field variables are the dependent variables of interest governed by the differential 
equation. The boundary conditions are the specified values of the field variables (or related variables 
such as derivatives) on the boundaries of the field. 
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Figure 4. 4: COMSOL Synthesis Methodology and solar cell simulation process [146,147]. 
The optical property of the solar cell device is simulated by solving Maxwell’s, Transport and Poisson’s 
equations in FEM (COMSOL) software package as shown in the above Figure 4.4. In the optical 
simulation, the periodic boundary conditions are applied to the side of the device, and the perfect 
absorption layers are placed on the top and bottom of the sample to reduce the influence of the reflected 
light. All of the optical calculations are implemented under a normal incidence. 
The accuracy that can be obtained from any FEA model is directly related to the finite element mesh 
that is used. The finite element mesh is used to subdivide into smaller domains called elements, over 
which a set of equations are solved. These equations approximately represent the governing equation 
of interest via a set of polynomial functions defined over each element. As these elements are made 
smaller and smaller, as the mesh is refined, the computed solution will approach the true solution. This 
process of mesh refinement is a key step in validating any finite element model and gaining confidence 
in the software, the model, and the results. Once all of the information related to considering the device 
is assembled into an FEA model, the analyst can begin with a preliminary mesh. Early in the analysis 
process, it makes sense to start with a mesh that is as coarse as possible. A mesh with very large 
elements. A coarse mesh will require less computational resources to solve as shown in Figure 4.5 
below. While it may give a very inaccurate solution, it can still be used as a rough verification and as a 
check on the applied loads and constraints.  
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Figure 4. 5: Examples of Coarse and fine Mesh, Reducing the element size as a mesh refinement strategy [146]. 
After computing the solution on the coarse mesh, the process of mesh refinement begins. In its simplest 
form, mesh refinement is the process of resolving the model with successively finer and finer meshes, 
comparing the results between these different meshes. This comparison can be done by analyzing the 
fields at one or more points in the model or by evaluating the integral of a field over some domains or 
by comparing these scalar quantities. It is possible to judge the convergence of the solution concerning 
mesh refinement. After comparing a minimum of three successive solutions, the asymptotic behavior 
of the solution starts to emerge, and the changes in the solution between meshes become smaller. 
Eventually, these changes will be small enough that the analyst can consider the model to be converged.  
Reducing the element size is the easiest mesh refinement strategy, with element sizes reduced 
throughout the modeling domains (Fig. 4.5). This approach is attractive due to its simplicity, but the 
drawback is that there is no preferential mesh refinement in regions where a locally finer mesh may be 
needed. Increasing the element order is advantageous in the sense that no re-meshing is needed; the 
same mesh can be used, but with different element orders. Re-meshing can be time-consuming for 
complex 3D geometries or the mesh may come from an external source and cannot be altered. The 
disadvantage of this technique is that the computational requirements increase faster than with other 
mesh refinement techniques.  
4.2.7 Complex 3D FEM Modeling 
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As, in any Finite Elemental Analysis (FEA) model, the optimization of computational resources is one 
of the key values employed by engineers. Through the discretization of the topology of models as well 
as the application of approximated equations, we can solve the most complex systems within a finite 
matrix formation and known margin of estimated error. While the application of 2-D elements over 3D 
elements enables the system to analyze for a limited set of variables assuming three-dimensional 
workings of the governing equations due to uniformity along one axis (1-D) within the orthogonal 
measures. Where the application of 3-D elements would enable the representation of governing 
equations in all three axes, attaining accurate results. Another fact of using a 3-D FEM element is its 
modeling and solving time. 3-D elements tend to entirely capture the physics of the model (internal and 
external) by utilizing the computation term. Substantial calculations are required to solve the complex 
equation analysis at the cost of more time spent on the model itself. As meshing is a crucial step in any 
structural analysis, users must be aware of the impact that meshing plays on 1D, 2D, and 3D elements 
on a model. 
1D elements are commonly used to represent line members and can provide accurate bending behavior 
of a system member. 1D FEM element meshing is the division of the member into multiple segments. 
This segmentation does not affect the overall results but more segments allow smoother and better 
visualization of the results. 
2D and 3D FEM elements present crucial traits in structural analysis in terms of meshing. Each element 
inside the model is divided into multiple parts of a certain shape and size. The mesh size of the model 
affects the final results and the finer the mesh (smaller shapes used) the longer time is used to solve the 
model. Two shapes are used for 2D FEM elements in meshing, quadrilateral, and triangular elements. 
There are different element shapes used for 3-D FEM, that stem from the 2D element shapes, commonly 
used 3D element meshing shapes are hexahedrons, tetrahedrons, wedges, and pyramids with each 
offering different benefits to better model the physics of the model itself. 
A three-dimensional (3D) finite element method is the most general finite element because all the 
displacement variables are dependent in x1, x2, and x3 coordinates. The formulation of 3D elements is 
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straightforward because it is an extension of 2D elements. All the techniques described in 2D can be 
utilized, except that all the variables are now functions of special coordinate. 
4.2.8   COMSOL Modeling 
In this thesis, we use COMSOL Multiphysics, a Finite Element Analysis (FEA) solver, as a modeling 
tool to analyze the electromagnetic field in thin-film silicon solar cells nanostructures and to calculate 
the quantum efficiency and current density values. COMSOL exhibit diverse modules for different 
applications. In order to better understand the light behavior inside a thin-film solar cell, we use the 
Wave Optics Module, Semiconductor Module, and Electromagnetic wave frequency domain Module 
which uses Finite Element Analysis to solve the Maxwell equations in a complex structure. With the 
discretization algorithm in COMSOL, some nano textures can be imported to create 2D and 3D models 
of thin-film solar cell interfaces. Moreover, it explains the multi-dimensional visualization of tiny 
assemblies and their internal features. The most appealing and advanced feature of this formulation is 
the direct access discretization modes to solve the partial differential equations through the Finite 
Element Method or Finite Volume Method. Also, time, volume, and frequency-dependent 
characteristics offer the best precision to calculate the performance of solar cell devices. COMSOL uses 
material and design libraries, besides it has user-defined material preferences to define any narrative 
substantial or boundary condition for structures. In addition, all the modules can overlap and keep the 
module properties individual. Physics and study algorithms can be applied to 1D, 2D, and 3D 
boundaries, domains, and entity points, thus, it can solve linear and quadratic functions for all solutions 
concerning geometry, boundary conditions, and EM fields. Consequently, COMSOL is able to build an 
innovative electronic and optical designs to simulate the high-performance PV models. 
    4.3   Basic Semiconductor Equations 
 
To compute the essential physical properties of proposed solar cell devices, the numerical methods are 
used. The numerical modeling provides additional information about the physical and mechanical 
parameters of considering materials and their impact on functional output characteristics of the device. 
To simulate the device in the software, physical parameters of individual materials are used as input for 
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numerical modeling of a solar cell. Moreover, experimental data is a mandatory need to analyze the real 
efficiency and functional parameters such as J-V characteristics, power conversion efficiency, fill 
factor, open-circuit voltage, short circuit current density, and quantum efficiency characteristics. Thus, 
numerical modeling offers an easier technique to understand the optical and electrical behavior of a 
device. For precise and accurate analysis of device output results, the simulation software must be able 
to individually and jointly solve the semiconductor and photovoltaic basic equations such as Maxwell 
equations, the continuity equation for electron-hole pairs, Poisson’s equations, Fresnel equations, diode 
basic equations, electrostatic potential and EM field propagation equations. 
The basic semiconductor equations play a vital role in investigating the solar cell performance. 
Poisson’s equation explains the electrostatic potential relating to the charge. Poisson’s equation for 
electrostatic potential (𝑉) is described as [37,148]; 
                                               
𝑑2𝑉
𝑑𝑥2
=
𝜌
𝜀
                                                         (4.1) 
Where ε represents the product of free space permittivity (ε0) and semiconductor dielectric constant (ks) 
and it is defined as ε= ε0ks. Here 𝜌 is the charge density with an assumption that dopant is totally ionized 
which can be expressed in the following equation as [148]; 
                                                             𝜌 = 𝑞(𝑝 − 𝑛 + 𝑁𝐷
+ − 𝑁𝐴
−)                                                    (4.2) 
Where q is the electronic charge, p and n are the hole and electron concentrations respectively. Also, 
𝑁𝐴– denotes the ionized acceptor dopant carrier concentration, and 𝑁𝐷− is the ionized donor dopant 
carrier concentration. Thus, electron and hole concentrations can be analyzed by using these equations. 
Another semiconductor equation is the continuity equation that explains the charge carriers drift, 
diffusion, generation of electrons and holes (Gn, Gp), and recombination of electrons and hole (Rn, Rp) 
effects simultaneously. The continuity equation for electron and hole concentration charge is defined 
as [37,148]; 
                                                
𝜕𝑛
𝜕𝑡
=
1
𝑞
𝜕𝐽𝑛
𝜕𝑥
+ (𝐺𝑛 − 𝑅𝑛)                                                       (4.3) 
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𝜕𝑝
𝜕𝑡
=
1
𝑞
𝜕𝐽𝑝
𝜕𝑥
+ (𝐺𝑝 − 𝑅𝑝)                                                     (4.4) 
The output equation that comes from Equation (4.1) and Equation (4.2 - 4.4) attains non-linear 
dependencies on electron and hole charge carrier concentration. Consequently, these equations are 
solved with standard approaches of numerical solutions such as discretization of device equations with 
a set of boundary conditions.  
The COMSOL solver is able to solve the drift-diffusion equations simultaneously for output current to 
measure the current-voltage characteristics of a solar cell. The charge carriers drift-diffusion equations 
are used in the simulator (already explained before in Equation 2.10 - 2.14). In order to find the solution 
for charge carrier concentration and electrostatic charge equations, some other quantities are also 
required such as generation (Equation 2.9) and recombination (𝐺, 𝑅) and this can also be described as 
the net recombination in a device represented by ‘𝑈’. For n-type semiconductor the net recombination 
is defined as [45,148]; 
                                                          𝑈 =
𝑝−𝑝0
𝜏𝑝
                                                                             (4.5) 
Where U is the net recombination, p is the hole concentration, and τp is the carrier lifetime for holes. 
Thus, the equations to define the input charge carrier properties for the solar cell, the entire set of 
equations (2.1 -2.19) and (4.1 - 4.5) has been defined in the simulator to analyze the efficiency 
parameters.  
    4.4   Fresnel Equations for Light Study 
 
Generally, the solar cell modeling tools are capable to solve the basic semiconductor equations. 
However, various further details and requirements must be accomplished by the device modeling solver 
in order to simulate the solar cells on a realistic basis, and they must be able to simulate multiple-layer 
geometries simultaneously. Thus, COMSOL offers a significant response towards composite material 
layers simulation and deals with the complex interface problems such as recombination and layer 
defects. This solver is also able to calculate and simulate the electro-optical dimensions under light and 
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dark conditions. The J-V characteristics, as well as capacitance and spectral response, are also calculated 
through the simulations.  
Thus, the Fresnel equations are used to define the spectral response, light propagation and light 
transmission, reflection, and refraction through the solar cell device. We define these equations for each 
individual material into the simulation tool in order to better explain the behavior of material and device 
geometry towards the light of specific wavelength, as well as the incident light impact on considering 
device can be well analyzed. 
Generally, ‘Light Study’ is used in COMSOL to define the light propagation variables and 
electromagnetism that solves Helmholtz Equations, and parameters used in this study consider the real 
part of refractive index (n) and imaginary part (k) of the refractive index. Light propagates through the 
device essentially as multiple reflections (defined by Fresnel equations and scattered wave parameters) 
[126]. Also, the Generation term (G) is calculated by the Electric field (E). As, the Fresnel equations 
define the real and imaginary parts of the incident, reflected and refracted waves as shown in Figure 
4.6. For incident waves, the Fresnel equations in terms of wave vector can be defined.  For a given ‘ω’, 
we can redefine ‘k’ as the magnitude of the wave vector in the reference medium (n=1), so the wave 
vector would have magnitude n1k in the first defined medium and magnitude n2k in the second defined 
medium. From the magnitudes and the geometry of incident, reflected, and transmitted wave vectors 
(ki, kr, and kt ), for incidence from a medium with refractive index n1 to a medium with refractive 
index n2, we find that the wave vectors for incident wave (ki), reflected wave (kr) and transmitted wave 
(kt) are as given below (Equation 4.6 – 4.8) [149]; 
                                            𝑘𝑖 = 𝑛1𝑘(𝑖 sin𝜃𝑖 + 𝑗 cos 𝜃𝑖)                                                           (4.6) 
                                             𝑘𝑟 = 𝑛1𝑘(𝑖 sin𝜃𝑖 − 𝑗 cos 𝜃𝑖)                                                         (4.7) 
                                             𝑘𝑡 = 𝑛2𝑘(𝑖 sin𝜃𝑡 + 𝑗 cos 𝜃𝑡)                                                         (4.8) 
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Figure 4. 6: Wave vector representation of light propagation [149] 
The corresponding angles ‘θ1’ and ‘θ2’ in above equations are calculated by Snell’s law [37,148,149]; 
                                                           𝑛1 sin 𝜃1 = 𝑛2 sin𝜃2                                                            (4.9) 
Fresnel equations can also be defined as Electric field vectors for incident, reflected and transmitted 
waves. Another key characteristic is solved for Transverse Electric (TE) field component along z 
direction. TE polarization is calculated in Fresnel equations in the optical study mode. This polarization 
defines the distance of one component of electric field along z- direction [149]. 
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Figure 4. 7: Electric field vector perpendicular to magnetic field [149] and calculation of Field vectors in Solver 
In this study, we define 2 ports, input port, and output port. Port 1 is defined for the incident electric 
field vector and port 2 has a mode to define the transmitted polarized electric field vector. Periodic 
conditions for Air and silicon substrate mediums are also defined likewise. Thus, in this study, the 
subsequent terms from Electric field to Generation term (shown in the above Figure 4.7) are obtained 
in order to define the initial conditions for the next study. 
    4.5   Electrostatic Study: Stationary 
 
The Electrostatic study concerns the characteristics of Electrostatics at equilibrium. Here, the overall 
Potential (V) of the solar cell structure is kept constant i.e., Vapplied = 0, and we calculate the electrostatics 
for the built-in Potential ‘ϕ0’. In this study, the simulator solves three basic equations, the Continuity 
equation for holes and electrons, Poisson’s equation, and Transport equations for charge carriers. In the 
drift-diffusion model, mainly three variables are calculated including ‘n’, ‘p’, and ‘ϕ’. Also, a reference 
Potential (V) is applied to the base model in such a way that potential energy is associated with the 
electric potential ‘ϕ’ defined as ‘E= -qϕ’. Thus, in this study the key points that are used to keep under 
considerations are; 
▪ No charge flow across domain and boundaries 
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▪ No current 
▪ No applied bias or applied potential 
▪ The only built-in potential is calculated (ϕ0) 
Initially, we define the hole and electron concentrations in the electrostatic study and present initial 
values as ‘ϕinit’, ‘ninit’, and ‘pinit’. Then, we use the boundary conditions for these values as ‘phi_init’ for 
the anode and ‘phi_init - Vd’ for the cathode. As, no charge flow is taken into account, so we use zero 
charges at boundaries of silicon (Si), rather we can use periodic conditions likewise.  
    4.6   Voltage Sweep Study: Stationary 
 
In the ‘Voltage sweep’ study we use the electrostatic characteristics when applied voltage ‘Vapp’ is 
subject to be greater than zero. For Vapp > 0, the transport of species and variables ‘ϕ’, ‘n’, and ‘p’ are 
calculated, where the built-in potential (considered in the electrostatic study) is used as a base in this 
study. Therefore, we use ‘ϕ0’ as the initial condition for ϕ. Moreover, space charge density is calculated 
in this study and the continuity equations are defined for ‘n’, and ‘p’ (not in equilibrium). We use the 
first study solution to find out the Generation term (G), Recombination term (R) and Velocity fields as 
well. Boundary conditions are now applied to anode and cathode and ‘Flux’ is calculated in terms of 
n_init. However, we consider no flux for the medium. At the last, the dark and light current, J-V curve 
is obtained in order to analyze current variation along with voltage sweeps. 
    4.7   Boundary Conditions for Device Simulation 
 
Hence COMSOL has the ability to calculate the finest size of the finite elements through the meshing 
process. Whereas, the mesh can be made more or less dense depending on the requirements to limit the 
simulation time and accuracy, and it ensures high accuracy of the results (Figure 4.8). As can be seen, 
the entire volume of the computational domain is discretized and meshed in FEM approximation as 
well as the ‘Sparse matrix’ is used in this solver to treat the arbitrary objects and material parameters. 
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Figure 4. 8: Creation of finite elements by FEM to solve far fields at junctions [15] 
FEM is used to analyze the electric and magnetic field propagation inside small entity unit cells. 
Generally, the periodic boundary conditions are applied to the structure to construct a textured surface 
in FEM approximation. For this purpose, Perfect Matching Layers (PML) can be used to eliminate 
unnecessary reflections from the top and rear sides of the solar cell. Thus, PML is a boundary condition 
that is used to define an artificial region for high absorption of waves at an outer surface of the solar 
cell in air medium, and it is defined for open boundary equations in FDTD and FEM techniques. To 
investigates the electromagnetism effects and generation of carriers by incident photons, wave equation 
and periodic boundary conditions are used in COMSOL simultaneously. Thus, ‘Perfect Electric 
Conductor’ (PEC), and periodic boundary condition (that define the Fresnel equation and refractive 
index parts for individual materials) are used in the ‘Electromagnetic wave’ physics module to define 
the electric field components and periodicity along the boundaries. PEC is a boundary condition that is 
used to define the conducting boundaries for particular mediums. Moreover, there is a range of boundary 
conditions in COMSOL including scattering, impedance, and transitions boundary conditions that are 
used to define the transparent mediums for incoming waves, and coarse surfaces along with their 
resistive behavior. 
The PML is a most significant boundary condition or a domain that plays a vital role in efficiently 
treating the complex boundary value problems. As it can turn the random transmission of waves into a 
regular and uniform domain as can be seen in Figure 2.14. 
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Figure 4. 9: Appropriate PML domain and meshes for 2D and 3D spherical PMLs [15,149]. 
The grids do not need to be uniform when using PML approximation, also finer mesh can be used for 
the extents with large field gradient. PML is a non-reflecting boundary or domain that is used on the 
exterior of the cells. This artificial domain can be thought of as a material with almost perfect absorption 
(Figure 4.9). It is commonly used in the numerical methods to simulate the open boundary problems, 
especially in FDTD and FEM. The key characteristic of PML is that it is designed so that the waves 
incident upon the PML from a non-PML medium do not reflect at the interface, which allows the PML 
to significantly captivate the outgoing waves from the internal computational area without reflecting 
them back. In order to minimize the light reflections sufficiently, PML can be used in photovoltaic 
devices because it can solve the special symmetric structures efficiently along with complex source 
geometries, dielectrics, and thin metal surfaces. Moreover, tightly coupled electrically small conductors 
can be treated very effectively by using such boundary conditions. 
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Chapter 5 
 
   Improved Efficiency of Microcrystalline Silicon Thin-film Solar 
Cells with Wide Band-Gap CdS Buffer Layer 
 
5.1 Introduction 
Regarding multi-textured crystalline silicon-based solar cells, there have already been some promising 
simulated and experimental work published using optimizations of front and back contact texturing and 
morphologies of plasmonic losses in back reflectors [150-152]. This chapter presents the simulation 
study of improved light-trapping in textured microcrystalline silicon solar cells with the combination of 
a thin transparent CdS buffer layer. Thus, achieved results are more plausible as discussed in the 
reference structure [153]. 
In this simulation-based work, we have explored the possibilities of maximum light-trapping effects 
achieved by adding other transparent CdS thin buffer layer above the crystalline silicon absorber layer 
and texturing of front and back Transparent Conductive Oxide (TCO) layers made of aluminum-doped 
zinc oxide (ZnO: Al). The proposed solar structure shows major improvements in terms of key 
performance indicators such as quantum efficiency (QE) and short circuit current density (Jsc). 
5.2 Numerical model and structure description for the proposed structure 
 
The proposed cross-sections of microcrystalline silicon solar cells are shown in Fig. 5.1. Since the 2D 
space dimension was used with a direct solver method and reasonable degrees of freedom were taken 
into considerations. The simulated structure based on μc-Si absorber material has the following layer 
assembly: Ag (100nm), BTCO (200nm), μc-Si (1μm), CdS (180nm), FTCO (340nm), Thin protective 
glass layer (50nm), Air medium (λ/2). The front and back TCO are Aluminum doped zinc oxide 
semiconductor (ZnO: Al). The μc-Si pin diode consists of 20 nm p-layer, 20 nm n-layer and 1μm i-
layer, [58,65,153,154]. The optical properties of materials used in solar cell structure were defined by 
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a complex function of wavelength-dependent refractive indexes (ε) and values were taken from well-
known literature [126-134,155-160]. Details on the values of the refractive index and utilized optical 
parameters are as shown in Table 5.1 [161]. The 2D-FVFEM simulations are carried out at wavelength 
range (300nm–1100nm). Based on a variety of spatial dimensions there are 1D, 2D, or 3D geometries 
for PV modeling. While for most thin-film solar cell simulations the application of 1D and 2D models 
are significant because in 3D optical models the complexity of higher dimension simulation of textured 
or non-flat layers is significantly increased [54,60,162]. Thus, 2D finite element formulation normally 
solves quicker than other 3D solvers and also it offers wider degrees of freedom and several 
discretization modes for interfaces. 
Other Maxwell solvers like Finite Difference Time domain (FDTD) method, Boundary Element 
Method (BEM), and Fourier Model method (FMM) are also utilized for periodic structures to obtain 
high accuracy where FMM is used for homogeneous layers of simple structures. Although for complex 
geometries 2D/3D FEM is more precise, particularly for designing nanostructure photovoltaic cells 
where S-matrix calculations are quite time-consuming. For our proposed solar cell structure 
simulations, we have exploited this PV simulator which provides high dimensional modeling of devices 
and can couple certain physics altogether. The most appealing and advanced feature of 2DFEM 
formulation is the direct access discretization modes to solve partial differential equations via FEM or 
FVM with time-dependent solver characteristics that make it a perfect solver to calculate performances 
of PV devices. In general, 2D model simulations continually solve more accurately than 3D, because 
for axi-symmetric geometries and boundary conditions, 2D axi-simulations provides more easy and 
reasonable solutions than full 3D simulations. 
In this research work, we have used FVFEM to investigate optical wave propagation within the solar 
cell by using 2-D geometry where optical modes and the electric field distribution for normal incidence 
light have been investigated. Electrostatics and transport of diluted species were used to analyze the 
applied and generated potential within solar cells and mobility and concentration of carriers, 
respectively. Frequency domain and stationary study steps were utilized to obtain carrier generation 
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spectrum and I-V characteristics. Several equation models have been reported previously [156,157] 
which are commonly used for the optical and electrical modeling and simulation of thin-film solar cells. 
Electrostatic potential and carrier density equations are fundamental equations that are used for this 
structure and these equations are specifically linked together. The Poisson’s equations, continuity 
equations and carrier transport equations are primarily derived from Maxwell’s laws where partial 
differential Maxwell’s equations are analytically solved for simple geometries [162]. 
 
Figure 5. 1: Configuration of proposed solar cell structure with CdS buffer layer 
Table 5.1: The utilized values of parameters and their structural and optical properties 
Parameters 
and layers 
optical 
properties 
Value Parameters and 
layers optical 
properties 
Value Parameters 
and layers 
optical 
properties 
Value 
T0 
(Temperature)- 
Ref [39,40] 
300K Effective density 
of state valence 
band, CdS -Ref 
[39,40] 
1.8x1019[cm-3] Electron 
diffusivity in 
CdS (Dn_CdS)-
Ref [39] 
9 [cm2/s] 
Ni (intrinsic 
carrier 
concentration)- 
Ref [39,40] 
1.5x1010[cm-3] Effective density 
of state 
conduction band, 
CdS-Ref [39,40] 
2.4x1018[cm-3] Hole 
diffusivity in 
CdS (Dp_CdS)-
Ref [39] 
1.4 [cm2/s] 
N-doping 1x1017[cm-3] Effective density 
of state valence 
band, c-Si -Ref 
[39,40] 
1.8x1019[cm-3] Angle of 
incident light 
0[deg] 
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P-doping 1x1017[cm-3] Effective density 
of state 
conduction band, 
c-Si-Ref [39,40] 
3.2x1019[cm-3] Electron 
affinity (CdS)-
Ref [39] 
4.3 V 
Thickness (n-
doped, c-Si) -
Ref [36] 
20nm Diffusion length 
of electrons-Ref 
[40] 
0.2µm Eg – CdS-Ref 
[39] 
2.42 V 
Thickness (p-
doped, c-Si)-Ref 
[36] 
20nmµ Diffusion length 
of holes -Ref [40] 
0.3µm  Eg - ZnO -Ref 
[39] 
3.37 V 
Thickness 
(intrinsic, c-Si)-
Ref [36] 
1µm  Electron affinity 
(c-Si)-Ref 
[39,40] 
4.05 V Refractive 
index of c-Si-
Ref [44] 
3.96 
Thickness 
(ZnO: Al, 
FTCO)-Ref [36] 
340nm Relative 
permittivity for 
CdS -Ref [39] 
8.9 Eg - Si at 
300K-Ref 
[39,40] 
1.75 V 
Thickness 
(ZnO: Al, 
BTCO)-Ref [36] 
200nm Relative 
permittivity for 
silicon 
11.7 CdS Refractive 
index -Ref [44] 
2.5 
Thickness(glass) 50nm Electron mobility 
in CdS 
(mun_CdS)-Ref 
[39] 
340[cm2/Vs] Refractive 
index of ZnO: 
Al-Ref [44] 
1.8284 
Thickness (Air) ʎ /2 Hole mobility in 
CdS (mup_CdS) 
-Ref [39] 
50 [cm2/Vs] Glass 
Refractive 
Index-Ref [44] 
1.5 
Thickness (Ag)-
Ref [36] 
100nm Air Refractive 
Index-Ref [44] 
1.000293 Ag Refractive 
Index-Ref [44] 
0.051585 
Dielectric 
Constant of CdS 
(ε/ ε0) 
10 n-type doping 
defect density of 
CdS 
1x1017[cm-3] CdS 
distribution 
width 
0.1 eV 
 
Glass substrates with randomly roughened Indium Tin Oxide (ITO) or Aluminum Zinc Oxide (AZO) 
(Front) Transparent Contact Layers (TCL) with pyramidal features (as shown in Fig. 5.1) can be bought 
off the shelf from companies such as Pilkington’s. Roughening is by wet crystallographic chemical etch 
process. Our designs would require a simple patterned etch process such as greyscale masked contact 
lithography, followed by an isotropic wet etch process. Microcrystalline solar cell layers would then be 
grown by Chemical Vapour Deposition direct onto the patterned TCO layer. The back TCL would than 
be deposited by reactive sputtering or e-gun evaporation process, followed by e-gun evaporation of the 
silver rear reflector layer. Where needed, conformal layers of CDs material could be deposited by 
Chemical Bath Deposition (CBD) direct onto the pre-patterned TCO layer. Mobility model, Shockley 
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read hall recombination model, lifetimes, and diffusion of carriers were solved consistently where we 
calculated short circuit current density by using Equation (5.1). The current-voltage (I-V) curve of the 
solar cell under illumination are ideal features that were derived from dark current curve shifted by an 
amount of generated photon current shift factor ‘Aq (G-Rsrh)’ given below [157]: 
                                               𝐼𝐿𝑖𝑔ℎ𝑡(𝑉) = 𝐼𝐷𝑎𝑟𝑘(𝑉) − 𝐴𝑞 (𝐺(𝜏𝑛 + 𝜏𝑝))                                        (5.1) 
where A is the active area of solar cell, q is elementary charge, G is generation term, Rsrh is 
recombination rate, τn and τp are carrier lifetime of electrons and holes, respectively. The electric field 
amplitude of incident wave was taken 1V/m. Time average power loss Q (x, y, z) in a node within 
absorber domain was calculated via electric field distribution by using following equation [155]. 
                                                   𝑄(𝑥, 𝑦, 𝑧) =
1
2
𝑐𝜀0𝜂𝛼|𝐸(𝑥, 𝑦, 𝑧)|
2                                                  (5.2) 
where c is the speed of light, ε0 is free space permittivity, α is the absorption coefficient (α = 4πκ/λ) 
with κ being the imaginary part of complex refractive index, η is the real part of complex refractive 
index, λ is the wavelength and E (x, y, z) is the electric field strength at corresponding excitation 
wavelength. 
Quantum Efficiency (QE) is the ratio of generated and collected charge carriers by total incident 
photons. Furthermore, in our simulations, electrical losses were not considered and detailed calculations 
of quantum efficiency and short circuit current are given in the literature [151]. Hence, simulated 
external quantum efficiency was calculated as a ratio of total power absorbed in the absorbing layer by 
total optical incident power Popt [151,155]: 
                                            𝑄𝐸 =
1
𝑃𝑜𝑝𝑡
∭𝑄(𝑥, 𝑦, 𝑧)𝑑𝑥𝑑𝑦𝑑𝑧                                                      (5.3) 
In literature, several complex models that describe the thin-film layers and textures growth for silicon-
based solar cells considering a combination of isotropic and conformal growth. Triangular (pyramid-
shaped) textures of the solar cell have been explored for front and back transparent layers and these 
pyramid shaped textures were placed normal to substrate boundaries as depicted in Fig. 5.1. Textures 
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height was kept constant at 300nm and the textures period used 1.1um and 1.2um consecutively. The 
buffer layer thickness was varied frequently to optimize the absorption improvement and short circuit 
current effects. Excitation in the form of a vertically plane incident wave was generated at the top 
boundary of the air domain by using Lumped Port (RF module) boundary condition. The entire domain 
was finely meshed for electromagnetic wave propagation. Since the port boundary condition has 
specific properties for maximum absorption of incident waves reducing the possibilities of multiple 
reflections. Model width was set according to the period of multiple textures. The incident irradiation 
power was kept constant for all the simulations. Periodic and Floquent boundary conditions were used 
on the left and right boundaries of the solar cell to optimize the refraction effects of incident light 
through each material of the solar cell. The simulated absorption is scaled to AM (1.5) sun’s spectral 
irradiance which is 1000W/m2 (100mW/cm2), details of these standard values are given in the literature 
[163]. 
    5.3   Results and Discussions 
Prior to the proposed textures silicon solar cell with improved structure, the μc-Si solar cell with a single 
front/back texture and multi-front textures in TCO layers, offered high light absorption and increased 
short circuit current density. We have benchmarked our model with experimentally obtained results and 
the simulations were performed by using benchmarked structure [153]. The I-V characteristics of single 
and multi-textures solar cells are presented in this work where the electrical simulation results are 
described in Table 5.2. Furthermore, the μc-Si solar cell structure was improved by using an n-type CdS 
buffer layer with different thicknesses. Most promising results were achieved with a CdS layer thickness 
of 180nm and specific texture period of 1.1μm and 1.2μm in front and back TCO layers and texture 
thickness was kept constant at 300nm and presented in Fig. 5.6. The quantum efficiency was simulated 
under short circuit current conditions by using the power loss profile shown in Fig. 5.2 and 5.6(a) 
(explained next). The Improved structure exhibited low absorption for short wavelengths (300-450nm) 
and several high absorption peaks were observed for long wavelengths (> 600nm). 
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    5.3.1   Reference Simulated structures with single texture and multi-textures 
without buffer layer 
We have simulated and analyzed a plane solar cell structure and our simulations show low QE (5%), 
Therefore, due to low QE, we have not included the schematics and the results in this work. Surface 
roughness and texture creation is a vital factor to increase light-trapping and absorption specifically in 
silicon thin-film solar cells. Therefore, in most cases surface textures are designed in transparent 
substrates or conductive oxide films located at the top and bottom of the semiconductor absorber layer. 
According to the latest studies, the specific pyramid or cone-shaped textures in TCO films can increase 
surface roughness and light-trapping as well as direct extra light to the absorber layer by making it 
further transparent to the device [55,164,165]. The period and thickness of textures depend upon the 
thickness of the TCO layer and directly affect the transmissions and reflections of photons. The thin-
film μc-Si solar cell can be schematically depicted in Fig. 5.1. As less thickness of TCO layer can 
produce less surface roughness, for this model the FTCO (ZnO: Al) layer thickness is 340nm. For opto-
electric conversion, a p-i-n stack made of μc-Si has been considered where thickness of the intrinsic 
layer used was 1μm and p layer and the n layer 20nm thick [153]. To analyze the effects of buffer layer 
in textured μc-Si solar cell structure, we have investigated two sets of solar cells, by using the same 
thickness of the μc-Si active layer for all simulations. Initially, we simulated two reference structures, 
one with a single front and back texture in the TCO layer and second with multi-front textures as a 
baseline. The μc-Si pin solar cells were characterized by measuring their current density (I-V) 
characteristics and quantum efficiency (QE) under AM1.5 illumination by using data from standard 
solar spectrum. The values of the open-circuit voltage and short circuit current for single textured and 
multi-textured simulated benchmark structures [153] were 0.5mV, 20mA/cm2 and 0.5mV, 22mA/cm2 
respectively, as shown in Fig. 5.3. The contribution of generated current at different wavelength using 
solar cell efficiency and Fill Factor (FF) for simulated pin structure are listed in Table 5.2 where the 
maximum QE occurred at 560nm wavelength. To investigate the effect of single-texture and multi-
texture interfaces of TCO, solar cells with texture variation were simulated. In the first step of 
simulation μc-Si solar cells with a single front and back texture were analyzed. The second step of the 
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simulation was based on the simulation of a μc-Si solar cell with multiple textures in the TCO layer 
whereas the front boundary of TCO for light incoming to solar cell was kept flat. The calculated short 
circuit current and quantum efficiency for first and second step simulations are depicted in Table 5.2. 
Table 5.2:  Comparison between the characteristics of the reference cell and simulated cell. 
Parameters 
 
Reference multi 
textured Cell [36] 
 
Simulated single 
textured Cell 
 
Simulated multi 
textured Cell 
 
VOC (mV) 0.515 0.5 0.5 
JSC (mA/cm2) 23.65 20 22 
Fill factor (%) 69 71 72 
Conversion Efficiency (%) 8.35 7.14 7.92 
 
In the μc-Si solar cell with single front and back texture, the generated current was found to be minimum 
for the blue spectral region (300nm-400nm) and increased significantly in the visible region 
range(400nm-600nm) and gradually decreased in the remaining spectrum region (600nm-1000nm) as 
shown in Fig. 5.2. To obtain the quantum efficiency curve the simulations were run at every single 
wavelength from 300nm to 1100nm with the step difference of 10nm. It was observed that single and 
multi-front textures have a significant impact on efficiency enhancement within the range of 450nm -
650nm. The period of single front and back texture was 3μm while the height of a single texture was 
kept at 0.2μm. A significant increase in efficiency in wavelength ranges 450-650nm is indicative of a 
relevant increase in the light path, therefore more light couples within the absorber layer due to a 
specific shape and size of a single texture. According to recent reports from the literature, the most 
efficient way to develop an optimal thin silicon absorber layer is to use an invert pyramid shape texture 
equal to the value of λ/2n or λ/4n (λ: incident beam wavelength, n: refractive index) in TCO film to 
channel the maximum light into the active layer [166]. The TCO layer was shaped into a wide cone 
wedge-like texture to increase the amount of light enters the μc-Si absorber layer as well as optimal 
texture thickness(0.2μm,0.14μm) that reduces excessive light reflections from the surface of the solar 
cell and enhances light transmissions through transparent oxide layers. Maximum light absorption for 
single texture solar cell simulation was 7.14% at wavelength 560nm while there was no specific 
absorption for longer wavelengths at 700-900nm recorded that is because of short wavelengths of light 
gets absorbed near to the front surface of the solar cell and due to single back texture longer wavelengths 
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could not couple more efficiently and slightly scatter within absorber layer. Total short circuit current 
for single front and back texture can be seen in Fig. 5.3. 
 
Figure 5. 2: Quantum efficiencies of single and multi-textured μc-Si solar cells 
 
Figure 5. 3: Simulated and benchmarked reference optical and electrical properties of single and multi-textured 
μc-Si solar cells [153]. 
In second step, the simulations were carried out by using multiple textures in front TCO layer and a 
single texture was used in back TCO to explore the optimal light-trapping scheme. The period of front 
textures was 1.1μm and 1.2μm, while the height of textures used was 200nm as shown in Fig. 5.4. 
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Figure 5. 4: Texture cross-section profile with respect to horizontal and vertical distance 
Although, a single texture in back TCO was used with a period of 3μm and height 0.16μm. Hence these 
two sets of solar cells with single texture and front multitexture were used as benchmark simulated 
structures (discussed in the next section). Significant improvement in short circuit current was measured 
and therefore QE was calculated for solar cells by using Eq. (5.2) and Eq. (5.3) with multitexture at the 
front interface. For the proposed configuration of solar cell structure, the short circuit current density is 
increased by 2mA/cm2, and improved from 20mA/cm2 to 22mA/cm2 by varying the period and 
dimensions of front and back textures. This increase in short circuit current and solar efficiency with 
multi textures was because of light path increases due to multiple passes of scattered light within the 
solar cell which can be observed by perceiving interference fringes and diffraction of light in power 
absorbed and power loss profiles of analyzed structures. In addition to light scattering, and deflection 
more competently at textured interfaces, photonic resonances may contribute to light-trapping in the 
absorber layer. Although the partial loss in the coherence of scattered light at highly textured interfaces 
as a vital aspect was observed in terms of reduced interference fringes and reflection losses. Therefore, 
some approaches including phase elimination and phase matching techniques can be carried out to 
slightly maintain coherency of scattered light [72,167]. Consequently, when switching from single 
textured to multi-textured TCO interface the increase in current density (ΔJsc) was 2mA/cm2 (Fig. 5.3) 
and an increase in the conversion efficiency of (ΔE) 0.78% from 7.14% to 7.92% (Fig. 5.2) was recorded 
for the same thickness of TCO and absorber layer as summaries in Table 5.2. 
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Period of 1st and 2nd texture 0-1                1-2 
Horizontal distance                1.1um          1.2um 
Vertical distance                 200nm 200nm 
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    5.3.2   Simulated Proposed Structure with Multi-textures and Buffer layer 
The next stage of the simulation was to analyze the effect of adding a buffer layer at top of the absorber 
layer that would enhance the solar cell efficiency by coupling maximum light and preventing extra 
absorption and recombination at other interfaces of the solar cell. In this model, a thin-film of n-type 
cadmium sulfide (CdS) buffer layer was used in the x-y plane to investigate the effect of thin-film onto 
short circuit current and quantum efficiency of the μc-Si solar cell. Several research groups have found 
that optimization of solar cell layers’ performance can be significantly increased by utilizing the 
materials with less than ideal properties to achieve the best performance of solar cells [166]. There are 
several imperative factors including enhanced recombination of photogenerated carriers at defects, and 
low minority carrier lifetime can reduce the overall performance of solar cells [168]. Thus, embedding 
a buffer layer at a specific position of solar cell interface is another way to enhance solar cell 
performance in terms of short circuit current and conversion efficiency [76,77,168,169]. Generally 
graded or gradual buffer layer tends to increase the open-circuit voltage (Voc) of solar cells with diverse 
interaction processes such as an interface or interface diffusive or mobility properties. However, there 
are several ways available to insert buffer layers to enhance overall efficiency. These include a buffer 
layer with band alignment to the absorber layer and buffer layers inside p-i-n interfaces like the graded 
layer (to increase Voc). Buffer layers with band alignment for minority carriers are also used to block 
the rear diffusion of electrons in p-i-n silicon layer and to allow them to flow to the contact so that they 
will be collected by the collector safely [168,169]. 
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Figure 5. 5: Cross-sections and power loss profiles of solar cells. (a) single textured solar cell (b) Multitexture 
solar cell (c) proposed multitexture solar cell with CdS buffer layer (d-f) Respective power loss profiles at 
680nm wavelength. Where the colour contours in the legend represent the magnitude of field propagation. 
In our proposed model, we used a buffer layer that prevents photoexcited carriers from recombination 
at unwanted regions (TCO or metal contacts) instead of an absorber layer [168]. We investigated the 
general effect of adding this buffer layer at top of the μc-Si absorber layer to investigate what effect it 
could offer to short circuit current and overall conversion efficiency of the μc-Si solar cell. A very thin 
layer of Cadmium sulfide was added at top of the p-i-n μc-Si absorber layer and the influence of this 
layer was investigated by using different thicknesses of buffer layers at, 180nm, 130nm, and 70nm. A 
good agreement was achieved for CdS layer thickness at 180nm and the same structure dimensions for 
the multitexture solar cell were used as discussed in step 2 simulations. The texture thickness used was 
300nm and texture period used was 1.1um and 1.2um, for both the FTCO layer and BTCO layers. A 
similar thickness of p-i-n μc-Si absorber layer stack was used at 20nm,1um,20nm respectively as shown 
in Fig. 5.5(c). The interference fringes in terms of spectral position and power profiles were found in a 
good promise and showed a correct demonstration of optical path throughout the solar cell as 
demonstrated in Fig. 5.5(d-f). However, a minor change in absorption amplitude was observed for long 
wavelengths above 600nm which might be due to material dispersive losses or out-coupling of light 
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from peripheral areas of solar cells [170]. By using global performance parameters like short circuit 
current and quantum efficiency, a comparison of thickness variation may be more effective to observe 
the operation of an additional layer under illumination conditions. Therefore, we calculated quantum 
efficiency over the photocurrent generation region by integrating the power losses over the μc-Si 
absorber region dividing this power loss in absorber layer spectra by total incident optical power as 
described in Eq. (5.3). The power loss profiles showed that longer wavelength light at 680nm reaches 
the Ag metal back, where some portion of light was absorbed, while most of the light was reflected in 
Fig. 5.5(d-f). Moreover, for single texture solar cell, there is low scattering throughout the absorber 
layer (Fig. 5.5(d)), for the multitexture solar cell, power absorption and diffraction was slightly more 
observable (Fig. 5.5(e)), while for multitexture solar cell with the addition of CdS buffer layer more 
effective power absorption and scattering was obvious as shown in Fig. 5.5(f). 
In the following optical simulations of the solar cell, material and optical properties used for the CdS 
layer are specified in literature [62,77]. The optical absorption coefficient for CDS thin-films was 
calculated by using the equations from the literature [171]. The absorption coefficient of CdS is related 
to film thickness and absorbance [171]. Thus, the simulation results were carried out by defining 
variables including wavelength-dependent absorption coefficients (α) of materials. ZnO: Al was used 
as Transparent conductive oxide to reduce series resistance which might arise due to a small thickness 
of CdS layer. Invariably CdS is n-type material and has a wide bandgap (Eg ~ 2.4 eV at 300K) therefore 
it can be turned into a more transparent layer for long wavelengths and can be used as window layer or 
buffer layer. Optical absorption of CdS depends upon wavelength but the performance of solar cells 
with buffer layer also depends slightly on specific buffer layer thickness assortment [79,168-171]. Thus, 
to investigate the effect of CdS layer, initially we simulate the μc-Si solar cell by using three different 
thickness of buffer layer 70nm,130nm, and 180nm and designing back textures with the same period as 
for front textures to investigate whether thickness could offer best performance effects. The I-V curve 
in Fig. 5.6(b) shows that maximum current density was obtained for thickness at 180nm and the 
extracted parameters are shown in Table 5.3. 
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Table 5.3: Electrical Parameters of Solar Cell with Different Buffer Layer Configurations. 
Different Buffer Layer 
Configuration 
 
Open-circuit 
Voltage (Voc) 
 
Short Circuit 
Current 
(mA/cm2)) 
 
Fill Factor 
 
Conversion 
Efficiency (%) 
 
CdS layer thickness 180nm 0.5 25 72 9.0 
CdS layer thickness 130nm 0.49 18.5 78 7.14 
CdS layer thickness 70nm 0.5 22.5 74 8.34 
 
Further integrating photon generated current over absorber layer nodes was calculated in terms of short 
circuit current density (Jsc). In Fig. 5.6(a) we showed the resulting Quantum efficiency spectra of solar 
cells, which was calculated with different thicknesses of the CdS layer. By comparing these resulting 
graphs with previous simulated work in Fig. 5.2, a general statement can be made. We noticed that 
absorption was still quite low, below 400nm wavelength and that in the 400-500nm wavelength range 
a significant improvement was found for all three-thicknesses used. However, this absorption spectra 
could be characterized by some oscillation effects above wavelength range 500nm and maximum 
efficiency was observed at 560nm wavelength for CdS thickness of 180nm. In contrast, for long-
wavelength range above 600nm, a significant improvement in absorption was noticeable utilizing small 
absorption fluctuating peaks because CdS material becomes more transparent down to long 
wavelengths. For a small thickness of CdS up to 70nm, good absorption spectra were indicative of a 
relevant increase in light path due to constructive interference of optical waves, therefore minimize the 
optical reflections losses and enhanced absorption in the absorber layer, resulting in a short circuit 
current of 22.5mA/cm2 and conversion efficiency 8.34%. While that for thickness 130nm, low 
absorption might reveal the fact that optical reflections losses and absorption at other interfaces 
increased and due to low optical path length absorption in absorber layer decreased, resulting short 
circuit current of 18.5mA/cm2 and conversion efficiency of 7.24%. High QE and absorption for longer 
wavelengths with thickness up to 180 and >180 were observed while for small thickness up to 70nm 
high short circuit and current and maximum QE revealed the fact that low optical reflection losses 
occurred which cause improvement in the scattered light path [103,109]. An increase in short circuit 
current of 1.35mA/cm2 was achieved for a multitexture μc-Si solar cell with 180nm thick CdS buffer 
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layer yielding a fill factor of 72% and conversion efficiency of 9.0% compared to the multitexture μc-
Si solar cell mentioned in literature [153]. 
 
Figure 5. 6: A comparison between spectra obtained for different thicknesses of CdS buffer layer for Overall 
Efficiency of μc-Si absorber layer. (a) Quantum Efficiency (b) Current-Voltage (I-V) characteristics. 
Hence, we assumed that all the absorbed power produces good carrier excitation, and generated carriers 
were collected perfectly. From Figs. 5.6(a) and 5.6(b) we concluded that quantum efficiency and short 
circuit current measurement were affected not only by the electrical properties of the p-i-n junction but 
also due to the optical characteristics of supporting materials. Overall, the short circuit current and 
quantum efficiency remain in good agreement with a maximum recording obtained Short circuit current 
value of 25mA/cm2 and the conversion efficiency of 9.0% has been gained with a buffer layer of 
thickness 180nm (Fig. 5.6). 
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From our observed absorption spectra, it is easily understandable that correct estimation of feature sizes 
of additional buffer layer during solar cell design strongly affect the spectral absorption peaks and hence 
increase the overall efficiency of solar cell [82,155,171], which are described in Table 5.4. 
Table 5.4: Guideline for optimization of the Buffer layer effect on silicon thin-film solar cell. 
Buffer Layer thickness 
(Texture period 
1.1um,1.2um) 
 
Effect 
Short Circuit 
Current density 
 
Wave propagation 
and absorption 
 
Overall Efficiency 
 
180-200nm, >200nm 
 
Longer wavelengths propagate 
and maximum coupling of light 
in absorber layer 
High 
 
Good absorption 
 
Excellent 
 
100-150nm 
 
Low coupling of light due to 
interference losses and increased 
reflections. 
Low 
 
Low absorption 
 
Average 
 
< 100nm 
 
Long wavelengths propagate 
efficiently and scatter 
throughout absorber layer. 
High 
 
Good absorption 
 
Good 
 
It has been found that, because a "resistive," gradual buffer layer appears to enhance open-circuit 
voltage in many different types of solar cells with different chemistry, interface, and interface diffusive 
properties, there are some generic (not material specific) calculations that may explain the need for the 
presence of such (buffer) layers. Numerically, there are considered several types of buffer layers 
suitable to prevent photoexcited carriers to move to contacts (low-lifetime regions) and recombine there. 
The effect of some of those can be analyzed analytically however some of those can’t be analyzed 
rationally [79].  
There is a type-1 Buffer layer with band alignment to the absorber, lower minority, and low carrier 
diffusion length than in the absorber. Where the reduction of diffusion length is exclusively due to lower 
diffusion constant. This means this buffer layer results in lower carrier mobility too, and we assume 
that the carrier lifetime is unaffected. The introduction of Type 1-buffer layers increases the minority 
carrier concentration continuously with decreasing mobility or increasing buffer thickness. Formally, 
the effect can be triggered by calculations. The type-2 Buffer layer is like a defective layer, however, 
the reduction in diffusion length results exclusively from a drop in the carrier lifetime, while carrier 
mobility remains unaffected and the effect can be calculated analytically [76,77,79]. The introduction 
of this type of buffer layer results in an optimum position for maximum excess-carrier density and 
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maximum chemical potential as well. Each of these magnitudes strongly depends on the parameters in 
the individual layers, such as diffusion lengths and coefficients, lifetimes, thicknesses of certain layers, 
surface recombination velocities, and on absorption coefficient as well. By appropriate adjustment of 
diffusion coefficients and of the position of the junction, an increase in open-circuit voltage can be 
achieved. There is a type-3 Buffer layer that is without band alignment for minorities and with aligning 
band for the majorities. The main function of this type of buffer layer consists of blocking minority 
motion to the contact by a barrier (i.e., back diffusion of electrons in Silicon p-i-n junction) and allowing 
for a reasonable majority flow to the contact. The effects of this type of buffer layer could not be 
calculated analytically. This type of buffer, with majority-band alignment and barriers for minorities, 
will provide an optimum strategy for the prevention of the motion of photoexcited minorities into the 
"wrong direction" and their recombination at the interface. provided that this buffer layer exhibits values 
of minority carrier lifetimes at least as high as those of the absorber. Interestingly, this buffer layers 
also serve as an optical window with higher bandgap, and consequently, lower refractive index for 
increased coupling of light into the absorber [76,77,79]. 
The effects of the analyzed type of buffer layer could not be calculated analytically. This buffer layer 
has an impact on majority band configuration and barriers for minority carriers. Thus, this CdS buffer 
layer provides an optimum strategy to prevent the motion of photoexcited minority carriers in the wrong 
direction and therefore prevent their recombination at other interfaces resulting in an improved minority 
carrier lifetime. Based on these results it can be concluded that light management introduced by the 
addition of a buffer layer at top of the absorber layer of solar cell stack has led to a considerable decrease 
in outer reflections resulting in overall light absorption in the absorber layer. Consequently, this buffer 
layer in μc-Si structure also serves as an optical window with a higher bandgap and low refractive index 
for increased coupling of light into the absorber layer resulting in an increased short circuit current and 
conversion efficiency. 
    5.4   Conclusion 
In this chapter, we have demonstrated a new solar cell structure which specified that light-trapping and 
absorption in thin-film solar cells based on 1μm thick μc-Si absorber layer can be significantly improved 
74 
 
with the addition of a CdS buffer layer with explicit feature size and front and back textures in TCO 
layers. Initially, the simulations were performed using single texture and multi-texture structures 
without the buffer layer. Finally, three different thicknesses of the CdS layer along with multi textures 
were investigated. By using FVFEM we have shown that a buffer layer with 180nm thickness couples 
the light more efficiently in the absorber layer and the scattering of long-wavelength light increases due 
to front and back textures. We have observed that the benefits of the buffer layer arise since they couple 
the maximum light into the absorber layer due to the fact that this layer has a wide bandgap consequently 
it minimize recombination at contact interfaces. Moreover, when this buffer layer is used near the top 
of the cell, optical enhancement is observed with the reduction of optical reflections. We have achieved 
higher short circuit current and quantum efficiency by using multitexture solar cell with texture period 
1.1μm and 1.2μm, texture thickness 300nm, and CdS buffer layer thickness 180nm. The multitexture 
solar cells with the CdS buffer layer leads to an increase in short circuit current by 1.35mA/cm2 and 
conversion efficiency by 0.65% resulting in total current density 25mA/cm2 and maximum conversion 
efficiency 9%.  
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Chapter 6 
   Increased optical absorption and light-matter interaction in Silicon   
Thin-film Solar cell nanostructure using Graphene and 2-dimensional 
Au/Ag Nanograting 
 
    6.1 Introduction   
 
This chapter is based on increased optical absorption regimes and light-matter interaction in silicon 
thin-film solar cells by means of graphene and deep metal nanograting that enables to produce strong 
electric field localization. Thus magnetic field at these gratings supports a strong induce current loop 
[172,173]. In this chapter, we present a detailed approach followed by a recent study [174] to investigate 
absorption in a graphene Metal-Dielectric-Metal (MDM) nanostructure and to analyze induce current 
loop effects produced by Nano-gratings. The proposed solar cell structure has achieved high short 
circuit current, high conversion efficiency, simple structure configuration, and high tunable absorption 
values which make this structure efficient for practical fabrications. 
    6.2   Numerical/Simulation Method for the Proposed Structure 
The initial structure consists of the same dimensions as lately published [174] including three silver 
(Ag) metal gratings and 2 deep slit cuts with SiO2 dielectric spacer placed on a thick silver metal grating 
as an opaque metal layer. A thin sheet of graphene rested on top of this metal-dielectric metal structure 
enables to store energy in the spacer layer and enhance absorption at the slit openings. Furthermore, a 
semiconductor layer is integrated inside this graphene MDM structure to exploit entire confined energy 
within slit openings of metal gratings and dielectric spacer inside the semiconductor layer to generate 
maximum photocurrent or electric power for solar cell applications. Our ultimate proposed thin solar 
cell structure consists of graphene deposited on two shallow gold (Au) gratings acting as metallic 
plasmons with one slit opening filled with graphene where a thin graphene layer with constant thickness 
Δ as a thin sheet is placed on top of a multilayer Metal/Dielectric/Semiconductor layer assembly. A 
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dielectric spacer of explicit thickness is unified beneath metal gratings; thus, the graphene layer has 
dual contact with metallic gratings and dielectric spacer that offer a channel for incident light to 
accelerate through and transfer entire stored induced current loops from spacer to semiconductor layer 
(placed between dielectric spacer and back metal (Ag) reflector layer. The electrical circuit front 
electrode is made of Titanium (Ti) metal circular finger contact of a small radius integrated with the 
SiO2 layer on top of the Silicon diode and Ag is used as back contact. To investigate the absorption 
property and to analyze the short circuit current conditions of proposed silicon thin-film Solar cell 
nanostructure with graphene and gold nanograting, we numerically simulated this structure by using 
Finite Element Method (FEM) solver. Fig. 6.1 shows the proposed structure consists of a monolayer of 
graphene deposited on Au/ SiO2/Si layer assembly. 
 
Figure 6. 1: Schematic diagram of the proposed silicon thin-film solar cell nanostructure with graphene and 
nanograting. 
For our simulations in FEM, we have used Silicon dioxide (SiO2) as dielectric spacer and gold (Au) as 
a material for thin metal gratings. The thickness of the flat dielectric spacer is used to be d2 = 20nm. 
The thickness of gold slits is d1= 30nm and the slit width is w= 200nm. A thin layer of SiO2 is deposited 
on a p-i-n diode made of silicon, 0.25µm intrinsic region where thickness and concentrations of carriers 
in n-type and p-type regions of the diode are n=p= 20nm, n=p= 1x1017 [cm-3] respectively. A Nano-slit 
with small width in the x-direction is defined in between gold gratings (Au slits) filled with graphene. 
The key role of Nano slit is to excite the plasmonic mode of graphene and to couple most of the incident 
light into the semiconductor layer by confining through dielectric and metal gratings [175,176] and Ag 
metal layer is deposited at the backside of the p-i-n silicon diode layer to block the transmission of the 
incidence light. Graphene is modeled in linear and non-linear regimes where the linear model of 
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graphene is considered by Kubo formulation [177]. In a small signal based linear model, graphene is 
demonstrated as an infinitesimally thin metal like sheet by a 2D tensor surface conductivity of 
σ=σxax+σyay. For THz or long-range frequencies the photon energy (hω) is much smaller than Fermi 
energy (Ef), hω«Ef, the intraband and interband parts of graphene conductivity are negligibly compared 
and graphene sheet conductance is considered to be a monolayer comprising contribution of interband 
and intraband evolutions σ =σ inter +σ intra [176,177]. For the Fermi-Dirac distribution term (Ef » KBT) 
the graphene conductivity depends on electrochemical potential (an equal parameter of Fermi energy 
Ef determined by the number of valence electrons which occupy energy levels conferring to Pauli’s 
principle). Consequently, in terahertz frequency ranges graphene is more well-defined by Drude-like 
surface conductivity. For the graphene modelling, we used surface conductivity term σg determined by 
Kubo formalisms and we consider graphene as a monolayer sheet of small thickness [177,178]. 
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Where the first part of Equation (6.3) also represents the intraband transition term (σ intra) and the next 
part signifies interband transition (σ inter). Here e is electron charge (e = 1.60217657x10−19C), T is Kelvin 
temperature (300K), kB is Boltzmann constant (kB = 1.3806488x10−23 [m2 kg s−2 K−1]), ħ is reduced 
plank constant ( ħ = 6.62606957x10-34/π [eV/s]), ω is radian frequency (ω = 2πf), µc is electrochemical 
potential (µc= 0.15eV , µc = Ef is Fermi energy which can be controlled by an applied electrostatic bias 
field E0 ⃗=|E0|az , or by doping), and τ is electron-phonon relaxation time (τ = 10−13 s). Using these 
parameter values, we obtained the graphene conductivity (σg) [179,180]. There are two ways to 
numerically model a graphene layer, either by using a 2D surface conductivity model approach or via 
a volumetric permittivity approach. In the 2D surface conductivity approach, graphene material is 
comprised as a 2D rectangle and its conductivity is determined by Kubo formalism, which depends on 
three basic parameters, scattering rate γ (Phenomenological electron scattering rate which is assumed 
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to be independent of energy and inverse of the carrier relaxation time τ), chemical potential µc and 
temperature T. These parameters are set in the material properties of considering FEM solver to generate 
desired graphene layer. In the volumetric permittivity method instead of a 2D surface rectangle, a 
regular rectangular is used with an approximately small thickness, and then we define its refractive 
index or permittivity values called bulk values in material properties which are associated with surface 
conductivity term as shown in Equation (6.3). 
For our numerical simulations, graphene is modeled using the volumetric permittivity approach where 
graphene is characterized as a thin sheet of material of small thickness ∆ with an in-plane effective 
permittivity. Dielectric materials are essentially demonstrated by a closed-form of the Drude-Lorentz 
Dispersion model and to study the properties of metals, Drude Lorentz classical model returns to the 
Drude metal model with no resonance estimates. There are two representations of graphene equivalent 
effective primitivities deduced by classical Drude Lorentz model of dielectrics when considered as a 
very thin metal sheet and depend on plasma frequency (ωp) and resonance frequency (ω0 =0) of carriers 
defined below [177-180]; 
                                               𝜀𝑒𝑓𝑓
𝐺𝑟 (𝜔) = 𝜀0 + 𝑗
𝜎𝑉
𝑖𝑛𝑡𝑟𝑎(𝜔)
𝜔
= 𝜀0 +
𝑗𝜎0
𝐺𝑟
𝜔(1−𝑗𝜔𝜏)
                                 (6.4) 
                                            𝜀𝑒𝑓𝑓 = 𝜀0 (1 −
𝜔𝑃
2
𝜔(𝜔+𝑗𝛾)
)         ,     𝛾 = 𝜏−1                                       (6.5) 
where εeff
Gr is graphene effective permittivity, ε0 is the vacuum permittivity, σV intra is intraband 
volumetric conductivity, ωP is plasma frequency, ω is radian frequency, γ is electron scattering rate, 
and τ is relaxation time. In our simulations, we have defined graphene as a Drude-Lorentz model 
through a thin metal with plasma frequency dependent on the Fermi level [177,180]. 
                                             𝜔𝑃 = [
2𝑒2𝐾𝐵𝑇
Δπ𝜀0ħ
2  ln (2𝑐𝑜𝑠ℎ (
𝐸𝑓
2𝐾𝐵𝑇
))]
1/2
                                            (6.6) 
In the model, we obtained graphene conductivity σg by using Equation (6.3) which is then used to 
calculate the relative permittivity εg (equivalent dielectric function) followed by the Drude-Lorentz 
Dispersion from the electric displacement field model [177,181]. 
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                                                   𝜀𝑔 = 1 + 𝑖
𝜎𝑔
𝜀0𝜔𝛥
                                                                          (6.7) 
Here σg represents the graphene conductivity as described in Equations (6.1- 6.3), ω is radian frequency 
and ∆ denotes the graphene thickness. It can be seen from Equation (6.3) and (6.7) that graphene relative 
permittivity depends on graphene sheet thickness ∆ and graphene surface conductivity σg depends on 
radian frequency and electrochemical potential µc. Therefore, to define graphene material in our model 
we used Equation (6.1- 6.7) defined by the Drude-Lorentz dispersion model. For our initial simulations 
followed by reference structure, graphene thickness is chosen to be 0.3nm [174]. To analyze strong 
induced magnetic field effects, Transverse Magnetic (TM) wave is considered, and to obtain an IV 
curve and short circuit current density effects we also considered Transverse Electric (TE) wave. The 
periodic gold nanograting are typically close to each other, which generates quantum effects between 
Nano slits, and these effects are generally ignored. The moderated absorption bands, current density, 
and power conversion efficiency effects have been studied by using the 2DFEM approach, which 
mathematically resolves Maxwell’s equations under periodic boundary condition, Floquet boundary 
conditions, scattering boundary condition, and open boundary settings (perfect matched layers). The 
optical constant data and refractive index of Ag, gold (Au), Silicon dioxide (SiO2), and Silicon (Si) are 
taken from the literature [182,183], and the dielectric constant of gold was specified by the Drude model 
as ε(ω) = ε∞ - ωp
2 / (ω2 + jγω) with ε∞ = 1.0; Plasma frequency for gold layer ωp = 1.37 × 10
16 s −1 and 
scattering rate is specified as γ = 8.17 × 1013 s −1 [184]. In this research work, the non-uniform distinct 
mesh is applied for entire simulations, and interpretation of the physical polarization features both TE 
and TM incident light wave is used under standard global AM1.5 spectrum conditions (1000W/m2). 
This study is focused on basic 2D electromagnetic simulations and light-matter interaction/optical 
coupling in Silicon thin-film solar cells with graphene and nanograting, furthermore, the research 
attainments can also be prolonged to the optical device applications utilizing metallic nanoparticles. 
    6.3   Results and Discussions  
In this study, our research primarily focused on the design of a thin-film silicon solar cell utilizing 
graphene with strong optical absorption as well as providing strong propagating medium effects. We 
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first analyzed absorption in a simple benchmarked graphene metal-dielectric metal (MDM) 
nanostructure [174], then we introduced a silicon layer in graphene MDM structure configuration. 
Finally, we proposed a novel configuration of graphene-based silicon solar cell structure with specific 
layer geometry and reveal simulation strategies for reconfigurable mechanism via electromagnetic 
simulations. As from mid-infrared to far-infrared wavelength region, the graphene displays high light 
absorption due to the possessions of surface plasmons or with the combination of metallic gratings, so 
we analyzed the graphene-based solar cell structure layer assembly along with gold nanogratings 
beneath the graphene sheet and placed on top of dielectric spacer layer to achieve high optical 
transmission, coupling and trapping inside solar cell structure. Compared to the benchmarked graphene 
MDM nanostructure [174] our proposed device has numerous fundamental advantages in terms of 
practical claims, in particular, the simple graphene MDM nanostructure configuration is used for solar 
cell application by the addition of silicon photodiode where extreme light absorption and power 
dissipation causes a maximum number of carrier generation that leads to increased short circuit current 
density and high conversion efficiency which is a critical challenge to achieve for new generation thin-
film solar cells to date. Additionally, ultimate optical absorption is carried out by specific dielectric 
spacer thickness, graphene covering on top, and precise details of gold nanograting which can be easily 
tuned by adjusting few geometry parameters, this factor increases the prospects of the anticipated device 
to be utilized for flexible thin solar cells and other optoelectronic devices. Thus, our simulated graphene-
based silicon thin-film solar cell offers increased light absorption, strong magnetic resonance field 
effects, significant light coupling and wide propagation by guided-modes, simple structure 
configuration, reduced complexity, and best power conversion efficiency compared to prior optical 
devices [85,91,174,185]. 
    6.3.1 Simulations of Reference Graphene MDM Nanostructure (without 
Semiconductor Layer) 
We first calculated the absorption and induced magnetic field loop effects inside a graphene Metal-
dielectric metal nanostructure by following a recent research [174] on graphene multilayer 
nanostructure absorption. We have used TM wave at normal incidence to analyze induce current effects. 
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Fig. 6.2 and 6.3 show the reference benchmarked simulated structure and resulted in the absorption 
graph using grating period p = 400nm, grating space width b = 60nm, the grating thickness d = 30nm, 
in addition to varying dielectric spacer depth t = 5nm - 20nm. As the slit cuts in between, shallow 
gratings of this metal-dielectric metal nanostructure provide a channel for incident electromagnetic 
waves to accelerate and scatter through and accumulate energy in the dielectric layer. Therefore, the 
dielectric spacer thickness matters significantly over graphene absorption however spacer width and 
grating depth do not have much impact on absorption enhancement. In the simulated MDM structure 
absorption enhancement is tuned by varying the dielectric spacer thickness whereas other structural 
parameters including grating period, spacer width, grating depth have kept constant to achieve best 
matching results with reference structure. The magnetic field distribution in simulated reference metal-
dielectric metal nanostructure is observed as shown in Fig. 6.2(b). This structure has specific 
configurations that help to stock additional energy inside metal-dielectric metal nanostructure by 
incorporation of graphene and 2 slit spaces that cut the magnetic field lines directly. Current density as 
presented in Fig. 6.2 (b) has induced effect and form a magnetic dipole around the dielectric spacer 
inserted between silver grating and silver back film, where the one pair of current has a parallel direction 
and the induced pair of current has an antiparallel effect. The distribution of a magnetic field due to 
gratings and slit openings has a vital role in consuming light energy within the nanostructure and to 
produce an induced effect. Ag metal gratings act like an inductor and the SiO2 dielectric spacer acts as 
a capacitor. The magnetic field oscillations persuade one couple of anti-parallel currents (red arrows 
surrounding the dielectric spacer): one current track in the grating strip sideways the x-direction and 
another in opposite way nearby the sliver film surface as shown in Fig. 6.2(b). These two current paths 
originate a diamagnetic retort (dipole response), which is formerly coupled in the metallic film to create 
magnetic resonance modes with the ultimate resonance between 700-950 nm. 
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Figure 6. 2: a) Schematic of the simulated reference [174] graphene MDM nanostructure. Here, ‘p’ is the period 
of the silver metal gratings, b denotes the slit width and grating depth is ‘d’. The dielectric spacer depth is ‘t’. b) 
current density and magnetic field distribution in the simulated reference device whereas colour contour 
illustrates the magnetic field magnitude along z direction. The red arrows represent the field direction and total 
magnitude of current density. 
 
Figure 6. 3: Calculated absorption of simulated benchmarked [174] graphene MDM nanostructure with (red) 
maximum spacer thickness, and (blue and green) minimum spacer thickness. The device structure constraints 
utilized here are; p = 400 nm, b = 60 nm, d = 30 nm and t =5nm,15nm, 20 nm. 
Three absorption peaks have been observed with spacer thickness from 5nm to 20nm. When grating 
period p is 400nm and dielectric spacer thickness t is 5nm the minimum absorption peak about 25% at 
900nm wavelength that is increased up to around 40% when spacer thickness is increased up to 15nm. 
Consequently, the highest absorption peak with absorption about 42% has seen at 790nm wavelength. 
The absorption peaks dependence on dielectric spacer thickness shows that it plays a significant role in 
supporting magnetic resonance and management of magnetic field oscillations in between silver 
gratings and back silver opaque layer. As we can see in Fig. 6.3, the absorption improvement in 
graphene nanostructure is directly associated with the excitation of magnetic resonance modes as well 
as graphene absorption is insensitive to the resonating wavelength. Absorption enhancement is achieved 
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by using specific dielectric thickness and with precise grating slit cuts to excite the magnetic oscillations 
therefore by depending on these structure parameters one can readily tune the magnetic resonances and 
so the graphene structure absorption at the desired wavelength. Simulations are performed by using 
standard values achieved for maximum absorption and maximum magnetic field densities as provided 
in benchmarked reference structure [174]. We considered the grating period ‘p’ 400nm by increasing 
the thickness of dielectric spacer ‘t’ from 5nm to 20nm while keeping the slit cuts and grating depth 
constant to be b=60nm and d=30nm, respectively (Fig. 6.3). It is noted that maximum energy up to 42% 
is absorbed by monolayer graphene covered on top of metal-dielectric metal nanostructure at 790nm 
wavelength with this structural configuration, the resonance wavelength lies in the near-infrared 
spectrum which means greater dielectric strip cause enhanced magnetic response and stronger magnetic 
field localization within the spacer. The enhanced absorption at this resonance frequency causes an 
increased magnetic field which then induced strong current loops. 
    6.3.2   Simulation of Graphene Nanostructure with Semi-Layer 
This similar structural configuration is further simulated with the accumulation of the p-i-n 
semiconductor diode layer to accomplish our target of graphene nanostructure for solar cell 
applications. We used this simulated graphene MDM nanostructure through the addition of a silicon 
layer in between Ag back opaque film and SiO2 dielectric spacer to analyze the excitation of magnetic 
field oscillation modes and coupling of light via slit openings. The purpose is that maximum absorbed 
light due to specific structural parameters used for strong magnetic current loops which were confined 
in the dielectric spacer layer through slit openings will now be stored in the semiconductor layer and 
this store energy will be used to generate electron hole pairs inside p-i-n silicon diode to generate electric 
power as shown in Fig. 6.4. 
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Figure 6. 4: a) Schematic of the simulated Graphene nanostructure with p-i-n silicon layer b) corresponding 
magnetic field distribution and photo current density. c) Graphene absorption for MDM nanostructure in 
presence of semi-layer with p=400nm, d). Absorption for MDM nanostructure in the presence of Silicon diode. 
We have used specific slit cuts and thickness of spacer to reduce reflection losses and to absorb 
maximum light inside the structure. Magnetic field distribution and current density (A/m) inside the 
simulated structure can be seen in Fig. 6.4(b). One main feature is observed; utmost incident 
electromagnetic power drifts through the slit opening and is dissipated beneath the dielectric layer. The 
total power dissipated is not found to be increased or decreased even in the presence of silicon layer but 
remains the same as before in Fig. 6.2(b) as indicated by color legends and contours in Fig. 6.4(b). 
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Incoming electromagnetic waves incident on graphene nanostructure cause excitation of magnetic 
modes and induced power is dissipated contrarily at different wavelength regimes and maximum power 
dissipation for this nanostructure is obtained at a resonating wavelength 800nm. In Fig. 6.4(b) the 
standardized magnetic field distribution at resonating wavelength with the highest graphene absorption 
in the presence of the silicon layer is plotted. As we increase the wavelength from 790nm to 1000nm 
the reflectivity reaches its lowest and the oscillating filed through slit openings enhanced and the 
enhanced absorption in the active layers is linked with the improved electromagnetic field nearby that 
areas due to magnetic resonance excitation modes. Fig. 6.4(b) represents an amount of magnetic field 
and current density trapped inside the silicon layer inserted in reference benchmarked simulated 
structure (Fig. 6.2(b). The distribution of the normalized magnetic field of considered geometry through 
the p-i-n diode layer under the dielectric spacer at wavelength ranges 800nm-990nm, demonstrating 
how the incident optical field is entombed as guided-modes in active layers. Here, we simulated the 
nanostructure with p=400nm with spacer thickness 20nm and slit width 60nm and with the addition of 
a semi-layer (Fig. 6.4 (c)) to compare the absorption spectra with the simulated nanostructure without 
the semi-layer (Figure 6.3) to analyze the optical absorption. The absorption obtained with semi-layer 
at p=400nm has a slight difference. The absorption obtained with semi-layer was up to 40% however, 
the maximum absorption obtained without semi-layer at p=400nm was up to 42%. This trend of low 
absorption of nanostructure with addition of semi-layer can be due to the low excitation of magnetic 
field. The enhanced absorption in the active layers is linked with the improved electromagnetic field 
nearby that areas due to magnetic resonance excitation modes. This absorption peaks up to 40% show 
that it is somehow related to support magnetic resonance and management of magnetic field oscillations 
in between silver gratings and back silver opaque layer. So, due to the insertion of the silicon semi-layer 
the magnetic field oscillations management can be affected differently as can be seen in Fig. 6.4 (c) and 
(d).The impact of Silicon diode on graphene nanostructure with fixed dielectric spacer thickness t = 
20nm, silver grating depth d = 30nm, variable period p = 300nm, 320nm, 340nm and variable slit cuts 
b = 60nm, 80nm, 100nm is explored in Fig. 6.4(d). The graphene absorption and entire structure 
absorption increases when an increasing period of metal gratings ‘p’ from 300nm to 340nm as clearly 
seen by absorption peaks in Fig. 6.4(d). Further studies show that optical absorption in independent on 
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grating depth ‘d’ (not shown). Increasing ‘p’ from 300nm and slit cuts ‘b’ from 60nm with the gap of 
20nm supports more light to be trapped inside the graphene nanostructure, although further increment 
or reducing values of ‘p’ and ‘b’ either increases reflections thus, reduce absorption or does not cut the 
electromagnetic waves appropriately to excite magnetic resonances to direct light inside guided-modes 
thus no induced current effects. As we can perceive in Fig. 6.4(d) the peak points of absorption are 
found at resonating wavelength 800nm but with a slight difference, where the maximum absorption up 
to 50% was achieved with grating period p = 340nm, b = 60nm which is slightly higher (about 5%) than 
the simulated reference structure (Fig. 6.2(a)) absorption 45% (Fig. 6.3). This shows that a slight 
variation in grating period and slit width cause a small increase in absorption and excite the guided-
mode resonance. Figs. 6.4(b) and 6.4(d) also describes the behavior of the device under these 
circumstances. However, one study shows that absorption peaks are rather unresponsive to variation in 
metal grating thickness (not shown) whereas the wavelength accompanying the guided-modes 
resonance remains unaffected. Furthermore, the device is insensitive to the thickness of intrinsic silicon 
layer from 0.2µm to 1µm in the present case, which confirms that initial silicon layer 0.25µm and 
grating period 340nm is appropriate to stimulate guided-modes; consequently, when we increased the 
thickness of these parameters, the model conformation stay unaffected and the optical absorption 
response is reported to be unchanged in a noticeable way. Although, the optical response change is 
observed by varying the grating period and slit width (Fig. 6.4(d)). In the conclusion of these maps, 
Figs. 6.4(a) and 6.4(d) show that maximum achievable absorption for this layer arrangement is about 
50%, consistent with an equitant absorption in benchmarked structure [174] regarding the graphene 
monolayer absorption (2.3%). 
    6.3.3   Proposed Silicon thin-film Solar cell simulations with Graphene and 
Nanograting 
In this research we propose a configuration to increase optical absorption in silicon solar cells using 
graphene by designing it with two-dimensional (2D) gold nanograting patterns. Due to magnetic 
resonance excitations nearby the graphene layer, the optical field adjacent to the graphene and at the 
corners of gratings is significantly increased which leads to maximum light propagation and absorption 
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through entire active layers. Thus, resulting in the amplified light absorption, maximum short circuit 
current density, and improved power conversion efficiency. Light absorption in graphene is responsible 
for maximum absorption in entire layer assembly and is intimately associated with photo-generated 
carriers and increasing the former key to developing the proficiency of graphene-based optoelectronic 
devices. In order to expressively enhance the optical absorption and electric current density of Silicon 
thin-films in the near-infrared wavelength region, we recommend loading graphene on top of gold 
nanograting and in between grating space to make graphene slight interaction with the dielectric SiO2 
layer additionally. Consequently, this solar cell configuration acts as a combination of a Metal-dielectric 
Semiconductor (MDS) plasmonic absorber. The schematic representation of the proposed graphene-
based thin-film solar cell structure with Au Nanograting is shown in Fig. 6.1. The absorption structure 
supports most guided-mode resonance which can easily couple to peripheral fields therefore when the 
incident wave is coupled with a guided-mode resonance, the absorption and so the efficiency of the 
structure could be significantly enhanced due to the electromagnetic field enhancement. Additionally, 
under the critical coupling condition, which means the incident wave coupled with guided-mode 
resonance, reducing reflections due to total internal reflection, all the incident wave will be absorbed 
and maximum absorption will be achieved. We exploit some of the explicit configuration of the 
previous simulated structure (Fig. 6.4) with additional grating elements to enhance the total absorption 
and to attain maximum power efficiency for solar cell applications. We utilize the optical response of 
the graphene sheet and gold nanograting resting on the SiO2 layer to direct an incident TE polarised 
light towards graphene to enhance optical absorption in graphene thus improved absorption of the entire 
solar cell device. To evade carrier mobility reduction a dielectric layer among metal and semiconductor 
layer is required and SiO2 is selected as spacer material cautiously. The key problems in a Schottky 
junction solar cell are altogether the huge extent of interface states prevailing at the metal-
semiconductor boundary lead to an increase in surface recombination probability, which will therefore 
reduce the carrier transport and power conversion efficiency [186]. It is verified in recent research 
studies that interface conditions can be drastically reduced via putting a suitable passivating coating on 
the silicon material interface to decrease surface recombination and increase the conversion efficiency 
of the graphene-based optoelectronic devices [181,186,187]. The Metal-Insulator-Semiconductor 
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(MIS) solar cell was manufactured, whereas a coating of an insulator (passivating layer) was presented 
among the metal-semiconductor interfaces in outdated Schottky junction graphene on silicon solar cell, 
to enhance the device efficiency [188]. We adopted an analogous idea for improving the efficiency of 
Silicon thin-film solar cell with graphene and gold nanograting, therefore, found an effective way to 
passivate the interface positions to complete an additional crucial task in this arena. In order to avoid 
the complications in the manufacturing process for typical graphene/Si Schottky junction solar device, 
we have introduced a dielectric spacer layer SiO2 to avoid direct contact of graphene with the Silicon 
layer. To avoid optical reflection and direct photon-metal interaction losses we used a graphene thin 
sheet resting on gold nanograting as shown in Figure 6.5(a), instead of metal grating plasmonic on top 
of graphene-based structures. The view of e-h pair generation by optical absorption is shown in Figure 
6.5, where electron-hole Pair production in the depletion region or inside a diffusion length would be 
separated by the electric field and current flows in the external circuit as carriers drift across the 
depletion region. 
 
89 
 
 
Figure 6. 5: (a) Electrical schematics: Cross-section view of proposed silicon thin-film solar cell with graphene 
and nanograting device with integration of p-i-n silicon photodiode. (b) Energy band diagram of photocurrent 
generation in a simple photodiode [37]. 
The band diagram in Figure 6.5 (b) only demonstrates electron and hole diffusion in n and p doped 
regions under reverse biasing excluding the part of drift space and actual carrier generation in the 
intrinsic region, carrier’s separation has been shown at two ends of metal electrodes. The device does 
not react as a Schottky junction solar cell so the schematic of direct contact of graphene with the 
semiconductor layer is not mentioned. To achieve silicon thin-film solar cells with high short circuit 
currents and conversion efficiencies, the incident light must be competently scattered and diffracted. 
When a material captivates photons with energies greater than the material's bandgap, energy is lost as 
heat. To minimize that loss, a device can use particularly designed contacts/electrodes to collect the 
charge carriers quickly, generated by photons, and produce current with good adhesion, less ohmic 
losses and internal resistance. In typical high-efficiency solar cells, silver or aluminum are used as a 
front or rear metal electrode contacts. An ohmic contact is required to n-Si and p-Si, therefore the use 
of Ag as back contact decreases processing time and Ag is faster a diffuser in silicon. For solar cells 
90 
 
with Nano gratings, top metal electrode a Ti, TiN, AlTi, or some comparable diffusion barrier with low 
resistance can be used to decrease shading [189,190]. For the sake of good adhesion, and reduced 
shading, the front contacts must be very thin (few nanometres) so as not to block sunlight to the cell. 
For ohmic contacts, the selection of electrodes with good thermal stability and low resistance is often 
essential. For high power devices, ohmic contacts with low contact resistance, smooth surface, and clear 
edge classification are essential as they are closely related to the device performance, reliability, and 
reproducibility of the devices. To decrease surface roughness Ti-based contacts have been proposed 
[189,190]. Besides surface roughness, some Ti-based contacts also suffer from lateral diffusion of the 
contact metallization away from the contact edge. The extent of lateral diffusion can depend on the 
thickness of the metal layers, a strong dependence of contact resistance and specific contact resistivity, 
as well as surface morphology, on the type of metal layer (for gratings or small slits) used. The observed 
variations in Ohmic performance and surface morphology did not have any correlation with the physical 
properties of the elemental metal layer. The resistance of the contact electrode is usually distributed 
over area of device therefore it is required to model accurate dispersed resistance since its effects both 
the efficiency and determination of internal parameters of the solar cell. Although voltage drop and 
overall current density are generated due to light directly effected as the square of the length of contact 
layer. For our proposed solar cell structure with the graphene sheet on top and thin Au nanograting, we 
chose small Titanium (Ti) circular metal finger contact as the front electrode on p-i-n silicon layer and 
in between the SiO2 dielectric spacer layer to make light generated carriers to easily collectible at 
electrodes [Fig. 6.5]. 
The resistance of contacts made as electrodes is simply called an external series resistance. Ag is used 
as back contact electrode with high conductivity (61.6x106[S/m]) and calculated contact resistivity 
(ρ=RA/L) of Ag film is 3.25 × 10−6 Ω cm and for Ti contact is 5.56× 10−7 Ωm. Overall, the Ti and Ag 
contacts can have low resistivity at a level of 10−6 Ω cm, so their bulk resistance should make an 
insignificant contribution to the total device series resistance. The contact quality between the metal 
and semiconductor device are significant when considering an electrode material. In this intended 
device, the back electrode is Ag, so the contact resistance Rc between these front Ti contact and back 
91 
 
layer can be determined with the equation for total resistance Rt = 2Rc +Rshd/W, where Rt is total 
resistance between two contacts, Rc is individual contact resistance, Rsh is sheet resistance, and W 
represents total width separated by distance d [190]. The contact resistance can be associated with the 
work function () of the metal layers (Au, Ti, Ni) and the adhesion at the contact interface. As metal 
films are responsible for collecting electrons in a device, they require a work function close to the energy 
of photons. The Ag ( = 4.26 eV) and Ti (  = 4.33 eV) films are all available with desirable work 
functions to achieve a good ohmic contact. Consequently, the adhesion factor, rather than the work 
function, might be the reason for the lower contact resistance of the Ti film compared to Ag films. Thus, 
we calculate the sheet resistance Rsh= (1/AGsh) for both contacts, where A is an active area, and Gsh is 
conductance per unit area. The sheet resistance of Ag back contact calculated by modeling the above 
equations in finite element solver is 1.62×10−6 Ωcm and for a small area, (r=0.01-0.06µm) front titanium 
contact is 0.78×10−8 Ωcm. Although, series resistance can be defined operationally as equivalent 
resistance which refers to the combination of internal and external resistance. An effective series 
resistance (Re=P/It
2 or Re=RshL/3W) is dependent on power, total current, and sheet resistance values. 
It is straight forward to calculate effective series resistance Re for back and front contact electrode to be 
1.354 Ω and 0.26 Ω. It is often assumed that power reduction (power losses) of the solar cell is due to 
I2R loss. The series resistance also affects power losses (I2R). The proposed device structure has numeral 
benefits, in particular, the light-trapping and absorption increased due to more electron-hole pair 
generation in active area, compared with those of previous recorded graphene-based solar cell device 
structures with numerous semiconductor active layers [172,173]. This reveals that the number of 
photons captivated is higher and high absorption leads to an improved short circuit current density and 
solar cell efficiency as demonstrated in Figs. 6.6.  
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Figure 6. 6: J-V characteristics of graphene-based Silicon thin-film solar cell with Gold Nanogratings 
The net current generation in the active layer is demonstrated in Fig. 6.6 where net photocurrent 
generated can be affected by front contacts and series resistance. It is always difficult to determine 
accurately the ohmic contact losses and the power loss due to series resistance. As shown by the band 
diagram in Fig. 6.5, maximum carriers are generated and separated throughout the semiconductor region 
of silicon layer by the incident light which leads to high short circuit current up to 32mA/cm2 shown in 
Fig. 6.6. The generated charge carriers will be separated through the built-in potential and the charge 
carriers will accelerate in opposite directions, which results in photo-current generation. Fig. 6.6 
illustrates current/voltage (J-V) characteristics of graphene-based silicon thin-film solar cell with 
nanograting by using specific Au grating space w=200nm, the grating thickness d1 = 50nm, dielectric 
spacer thickness d2 =20nm, graphene sheet is designed through the Drude-Lorentz dispersion model as 
a thin layer of material with small thickness, by defining its relative permittivity, permeability and 
electrical/surface conductivity through mathematical model described in Equation (6.1-6.7). 
The maximum open-circuit voltage to achieve the highest short circuit current up to 32mA/cm2 was 
0.45V which means that extreme light absorption has occurred via graphene sheet covered on top of 
periodic gratings which lead to generate more photoexcited carriers within semiconductor layers and 
produce drift across depletion region and thus the carriers reach at external circuit resulting maximum 
photocurrent. We have not used graphene as part of front electrode because utilizing graphene as a front 
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electrode/front contact in solar cell needs maximum number of graphene layers which can further 
decrease the transparency of graphene: Graphene transparency rises inversely with graphene layer 
numbers and so the trade-off among graphene conductivity and transparency needs the optimal layer 
number of graphene in order to optimize performance of solar cell devices [191]. Graphene single layer 
has optical transparency of 97.7% where a single graphene sheet has sheet resistance of 2.1kΩsq-1 and 
350Ωsq-1 while retaining 90% optical transparency [192]. 
We used monolayer of graphene deposited on gold Nano gratings to acquire maximum transparency 
and sufficiently increase the device efficiency. According to recent studies, graphene-based silicon solar 
cells are mostly being investigated and pure silicon solar cells performance is still higher beside the 
fact, graphene layers if doped and deposited with gold particles can increase the efficiency up to 40% 
[192]. The proposed device was simulated with the selection of Silicon semiconductors by considering 
the fact that silicon thin-film cells in combination with graphene or new generation materials still deliver 
best efficiency with cheap fabrication processes and also the absorption coefficient of silicon works 
good at long range frequencies. The short circuit current density (Jsc), open-circuit voltage (Voc), Fill 
factor (FF) and Power conversion efficiency (PCE) of proposed device structure are 32mA/cm2, 0.45V, 
0.73%, and 10.5% respectively. We have analyzed the current generation dependence on Metal back 
contact reflector and grating space ‘w’ so we used to run simulation by varying the grating space for 
Ag and Au back contacts as shown in Fig. 6.7.  
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Figure 6. 7: J-V characteristics under different grating space ‘w’ and back metal contact 
 
The maximum short circuit current 32mA with open-circuit voltage 0.45V is achieved when the grating 
space or slit cut width is 200nm with silver back contact which means this grating space strongly 
supports the propagation of Transverse Electric TE and Transverse Magnetic TM modes. However, J-
V curve values of photovoltaic parameters based on grating width w = 300nm and 100nm and Silver 
back metal contact were observed for which short circuit current density (Jsc), open-circuit voltage (Voc), 
Fill factor (FF) and conversion efficiency (PCE) was 25mA/cm2 and 29mA/cm2, 0.43V and 0.44V, 0.69 
and 0.70, 7.4% and 8.93% respectively. It is observed that reduction of grating size up to 100nm and 
increasing more than 200nm would reduce the current density parameter however keeping slit width in 
between 100- 300nm would enhance the current density Jsc. This indicates that only specific nanograting 
size and period act as perfect waveguide for incoming electromagnetic waves and excite the 
photogenerated carriers during the transmits over entire solar cell device and reduce the recombination 
process at the interfaces. We investigated the same variation in nanograting width ‘w’ by putting Au 
metal back contact replacing Ag back reflector and found relatively low Jsc and PCE efficiency values. 
This fact can be due to high Au films losses compared to Ag in near-infrared region. As strong 
plasmonic and metallic grating response of graphene has been extensively exploited in mid-far infrared 
regions to improve absorption. In the visible-near-infrared wavelength regime, Graphene only supports 
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plasmonic resonances strongly because it depends on doping levels of graphene and due to limited 
doping levels of graphene the absorption enhancement of graphene is characterized by coupling 
graphene with resonant structures [193,194]. The enhanced absorption in structure depends on boosted 
electromagnetic field nearby graphene interface due to magnetic resonances excitation. Fig. 6.8 presents 
the distribution of normalised magnetic field of proposed device with gold nanograting beneath and 
silicon p-i-n diode enclosing in between dielectric spacer and back contact. 
To demonstrate the physical insight, we studied the Electromagnetic field propagation patterns of 
Graphene- silicon solar cell and the graphene structure absorbance spectrum under illumination of 
TE/TM normal incident light as displayed in Figs. 6.8 and 6.9.  
 
Figure 6. 8: (a)-(c) Field distributions for TE and TM light, where w = 200nm, d1 =50 nm, d2=20 nm, and 
displayed black lines demonstrate the profile of considered different materials. (a) Electric field (b) magnetic 
field and (c) Power loss profile at λ= 820nm. 
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Figure 6. 9: Electromagnetic wave propagating through projected graphene SC structure in the direction of Arc 
length. 
 
The electric field generated by the polarized light is parallel to Arc length (y-axis). The excitation 
produced by electric field polarization in the near-infrared range can be seen in Fig. 6.8(a), where the 
normal electric field component of polarised light produces fewer graphene absorption in contrast, the 
z-component of the electromagnetic field excites electrons of gold nanogratings to vibrate and induce 
plasmonic resonance in adjacent and underneath region as observed in Fig. 6.8(b). Recent studies 
showed that in near-infrared wavelength range the polarization-independent perfect graphene 
absorption can be attained by critical coupling the graphene sheet with the guided resonances and a 2D 
photonic crystal slabs or 2D Nano gratings where the experiment with these combined parameters 
yielded total 85% absorption [195,196]. Our intended structure is focused on similar coupling 
conditions where the optical absorption can be described by analyzing electric/ magnetic field 
distributions along with power dissipation effects in active layers as illustrated in Figs. 6.8(a) to 6.8(c). 
As we increase the wavelength from visible to near-infrared range the light propagation and absorption 
through device increases. This can be due to the fact that gold has high absorption in near-infrared 
ranges and grating depth is less than grating period which leads to coupling of electromagnetic optical 
field at the Graphene/nanograting interface and SiO2/nanograting boundaries. Consequently, it is 
observed from Fig. 6.8(b) and (c) that the electric field distribution nearby the corners of gold gratings 
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is more focused and boosted and magnetic field will be directed between each grating area and 
semiconductor substrate in every repeated unit cell with the same assembly. Power dissipation 
concentrated in semiconductor layer is simulated and observed in Fig. 6.8(c) which shows that amount 
of power lost in this region will be able to generate and separate electron-hole pairs and more power 
loss leads to generate more short circuit current densities. The incident fields are perceived to be trapped 
nearby the corners of gratings and graphene sheet as guided resonance and induce the possessions of 
near-field improvement and intense light energy coupling. These improved optical fields penetrating 
through the grating gap and dissipating in silicon layers contribute to improved silicon thin-film 
absorption inside this structure, increase short circuit current density (Jsc) and maximum power 
conversion efficiency. In contrast, no optical near field enhancement was found in pure visible 
wavelength region (not shown) because short wavelengths do not produce plasmonic resonance on the 
spectrum. 
To further analyze the propagation and absorption through the proposed graphene-based thin-film 
silicon solar cell structure we infer the polarised incident light spectrum of considered structure though 
Arc length in the presence of gold gratings as shown in the inset of Fig. 6.9. We can observe that the 
optical field intensity does not fluctuate desperately after passing through graphene-based structure. 
The electromagnetic field propagation through devices confirms the excitation arises from incident light 
and power absorbed. The maximum volume, intensity and outline of field propagating through thin-
film solar cell devices allow the maximum power generation through carrier separation, thus 
propagating field absorption depends on coupling of near field plasmons between grating interfaces and 
silicon substrate through dielectric spacer layer. The positive and negative peaks in propagation wave 
confirms wave losses due to metallic grating or front metal contacts and maximum wave absorption 
due to graphene transparent surface and specific grating spaces that allow optical wave to scatter and 
trap inside active region to produce maximum current density. We can observe in Fig. 6.9 that 
propagating wave still maintained its strength while passing through arc length of proposed structure. 
We next consider the effects of changing the dielectric spacer thickness on the optical absorption as 
shown in Fig. 6.10.  
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Figure 6. 10: Optical Absorption of thin-film Silicon solar cell structure with graphene and Au Nano grating 
under normal incident light for different dielectric spacer thickness ‘d2’ and constant grating thickness ‘d1’. 
The electromagnetic interaction between graphene, SiO2, metallic nanoparticles, with perfect optical 
coupling and absorption has been investigated recently [197-199]. It has been found that the existence 
of dielectric layers with diverse thickness in contact with metallic nanoparticles and graphene thin sheet 
lead to variation in resonance wavelength as well as scattering waves, and therefore shifted photocurrent 
retortion over entire wavelength spectrum. Such behaviors can be resolute by whether combining the 
dielectric spacer layer with gold plasmons and graphene layer together or by putting the dielectric spacer 
film beyond the domain where electric field generated by metallic plasmons takes effect. It is revealed 
that nanograting or nanoparticles of specific size and shape and appropriate thickness of dielectric 
spacer is desirable to accomplish the best absorption. Thus, in our research, we also varied the grating 
separation ‘w’ to observe the shifted photocurrent response as shown in Fig. 6.7 and now we consider 
the effects of dielectric spacer thickness variation over total absorption of graphene structure. 
In our investigations, the Au grating thickness ‘d1’ and separation between adjacent gratings ‘w’ is fixed 
and spacer SiO2 thickness ‘d2’ is changed in order to ignore the electromagnetic wave coupling through 
metal gratings and to achieve maximum absorption inside Silicon thin-film structure. The dielectric 
thickness is significantly sensitive to resonant wavelength as shown in Fig. 6.10, so the wavelength 
midpoint of graphene absorption spectrum can be determined by ‘d2’. As the resonance properties of 
plasmonic optical devices are highly delicate to dielectric spacer thickness variation which enables 
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tuning the absorption band in graphene/silicon thin-film solar cell configuration by varying the SiO2 
thickness slightly. These possessions are revealed in Fig. 6.10, as the dielectric spacer thickness rises 
up to 15nm from 10nm, the absorption band displays clear resonance peak points, and the absorption 
peak shifts up to 850nm from 890nm due to rise in plasmonic gap. There is an optimum depth of 
dielectric spacer SiO2 layer, where the absorption peak reaches at its maximum. When d1=20nm the 
absorbance spectrum can be up to 80% at 820nm wavelength and the width of absorption curve is found 
to be more extensive. It is observed that ‘d2’ increases from 15nm to 20nm the resonating wavelength 
decreases slightly and shifted from 850nm to 820nm. It can be observed that increasing dielectric spacer 
thickness cause the resonating wavelength shifted backward slightly in near-infrared ranges and 
increase the absorption peaks however this behavior does not exist for all dielectric spacer thicknesses. 
It can be clearly seen that as ‘d2’ increases from 10nm to 20nm the optical coupling gets stronger and 
less wide (becomes weaker) until extreme absorption percentage 80% is achieved at an optimal 
dielectric spacer thickness d2=20nm Au nanograting thickness d1=50nm and grating separation 
w=200nm (maximum photocurrent response was found with this optimum grating width ‘w’). 
However, when d2 increases from 20nm to 25nm the absorption peak response decreases from 80% to 
70% with resonating wavelength shifted back from 820nm to 800nm. When Au nanograting are 
additionally far away from substrate due to maximum spacer thickness (d2 > 20nm) the entire silicon 
thin-film solar cell structure with graphene cannot be assumed as homogenous operative medium 
because there may always standard conditions for maximum light coupling and trapping inside active 
layers and those structure circumstances for being a sub-wavelength device (structure with efficiency 
increasing with certain vital constraints) are broken. Whether there may some non-ideal conditions and 
power losses exist which can be further discussed with improvement of device structure with different 
graphene chemical doping levels and integration of various ohmic contacts. Subsequently, the optical 
properties of such device assemblies are mainly resolute by the substrate parameters. 
    6.4   Conclusion 
In this chapter, we demonstrated the maximum optical field coupling and absorption in silicon thin-film 
solar cells with graphene and the addition of dielectric spacer layer beneath gold nanograting. At first, 
100 
 
we simulated a simple graphene metal-dielectric metal nanostructure using 2D Finite Element Method 
(FEM) with maximum absorption of 45% and strong magnetic response within dielectric spacer layer, 
then we integrated a p-i-n silicon diode inside that structure configuration to analyze magnetic 
resonance field effects and maximum absorption with that layer assembly was found up to 50% 
matching with reference structure configurations. Finally, to enhance optical absorption within silicon 
solar cells and to increase light-matter interaction in silicon thin-films, we proposed a new flexible, 
simple, and tunable structure configuration. The short circuit current density for this device structure 
was achieved up to 32mA/cm2 and maximum absorption of device structure with graphene and 
nanograting was obtained up to 80%. The issue of graphene/Silicon direct Schottky junction formation 
was also prevented by introducing dielectric spacer layer of specific thickness in between the 
graphene/Au grating interface and silicon. Additionally, the impact of applying variation in dielectric 
spacer thickness and grating period over absorption and short circuit current densities was analyzed. 
Moreover, maximum calculated power conversion efficiency of proposed structure was found to be 
10.5% without chemical doping of graphene which is a great challenge to date for graphene/silicon 
solar cells. This device structure showed strong light coupling in active layers and magnetic field 
resonance effects due to specific structure layer assembly in near-infrared frequency ranges also for 
practical application point of view, this device could present reasonable means for low-cost fabrication 
and good performance for graphene/Silicon thin-film solar cells. 
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Chapter 7 
   High rear reflectance and light-trapping in textured graphene-based 
silicon thin-film solar cells with back dielectric-metal reflectors 
 
 
    7.1 Introduction    
This chapter is focused on front and rear located textured structure with fixed semiconductor surface 
area that increases optical conductivity, maximum light absorption in the active layer, and extreme 
coupling of light. To redirect maximum light in active layers of solar cells, identification of the 
passivation effects (ohmic losses) to produce minimum power losses is required. Moreover, in order to 
balance the trade-off between conductivity and transparency, the optimum number of graphene layers 
and specific thickness of each material stack is desired. In this research work, a similar idea is adopted 
to address the urgent tasks in this field and to find effective ways to increase optical absorption, 
minimize parasitic losses, and passivate the interface states. For this reason, dielectric films of SiO2, 
SiNx or ZnO or stacks of these constituents are employed in terms of optical possessions of back 
reflector integrating dielectric coatings. Nevertheless, rear dielectric layers joint with metal reflectors 
are assigned to passivate exterior interface and parasitic captivation in back metallization, and exploit 
light-trapping. In this presented work, back reflectors have been used to reflect maximum light from 
rear stack so light path can be increased in many ways. 
    7.2   Numerical/Simulation Method and Structure Description 
We benchmarked our study to recent research work [200-202] based on different back metal reflectors 
with/without textures strategies as well as silicon thin-film solar cells where additional new features are 
required. To improve overall light-trapping, low parasitic absorption in metal, high photon absorption 
effects in silicon absorber layers, the development of precise texture profile, and back reflector material 
combinations are essential. Therefore, we proposed a new graphene-based silicon thin-film solar cell 
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configuration to combine all those benchmark effects to develop an innovative key design with the 
graphene layer, specific texturing approach, and dielectric-metal back reflectors. In this study, we 
investigate graphene/silicon thin solar cells through the application of front and back random textures 
and SiO2 dielectric layers and in Back Ag metal reflector. We aim to maximize inner rear reflections 
and optical scattering in the absorber layer and to facilitate maximum light-trapping in the absorber 
layer to absorb light and produce carrier generation. A single sheet of graphene is deposited on top of 
textured SiO2 dielectric material. P-i-n microcrystalline silicon (µc-Si) diode is sandwiched between 
the top and bottom textured dielectric layer and the back Ag layer is combined with dielectric serving 
as back-reflector to improve optical properties rear inner reflections and absorption of the proposed 
solar cell. The thin graphene and textured SiO2 layers on top and silver layer combined with textured 
dielectric SiO2 as a back reflector on the rear side of solar cell assembly form a complete optical 
waveguide that enables maximum optical scattering inside the absorber layer and light tricking. The 
proposed structure offers the best optical absorption up to 90%, maximum rear optical reflections > 
82%, maximum transparency by graphene layer, and good EM wave propagation through the entire 
structure. 
The film stack of graphene/Silicon solar cell device is illustrated in Fig. 7.1. The optical reflections, 
absorption and transmissions of light in graphene-Si-dielectric-metal stack signifying through inner 
front reflectance angle rf(θ) and inner rear reflectance angle rr(θ) of proposed solar cell structure, shown 
in Fig. 7.1, is calculated by using Fresnel equations (Eq. 7.1 - 7.8) [203]. 
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Figure 7. 1: (a) Schematic view of dielectric-metal reflector-based graphene/Silicon thin-film solar cell. Here 
red ray denotes optical wave scattering and trapping through different angles at front reflectance angle (rr(θ)), 
and the rear reflectance angle (rf(θ)) denotes wavelength ranges λ=400nm-1200nm. (b) Electrical schematically 
cross-section view of proposed silicon thin-film solar cell device structure with possible integration of Nickel 
(Ni) contacts inserted in top and bottom dielectric layers attached with semiconductor active layer. 
The layer specifications of the proposed device are a graphene layer of thickness 1 nm integrated on a 
dielectric SiO2 layer (thickness 20 nm) designed with explicit periodic textures. Recently, it has been 
demonstrated that an explicit combination of thin graphene sheets (1 nm or <1 nm) with spacer dielectric 
and plasmonic assemblies can increase the overall performance of optical devices including solar cells, 
photo-sensors, and detectors [204,205]. In our proposed simulation work, we assumed graphene 
thickness to be 1 nm to attain appropriate model convergence. For the development of thin, doped 
silicon layers depending on the type of which is used for thin-film solar cells applications, it is essential 
to have an accurate and fast scheme to limit the geometrical thickness and material properties of silicon 
sheets (microcrystalline or amorphous silicon) layers. In particular, thin µc-Si layers may have 
thickness-dependent properties, as well as the performance of devices with this material, which can be 
varied depending on the thickness of microcrystalline silicon. For our simulations, we have used 
microcrystalline silicon (µc-Si) as a semiconductor active region and a P-i-n Silicon diode is interleaved 
in between top and bottom textured dielectric layers with n = p = 20 nm and intrinsic layer 0.25um. The 
microcrystalline silicon substrate doping for p and n region is used 1x1017[1/cm3]. The edge to edge 
distance of pyramid shape texture is up to 0.45µm where the semi-hexagonal shaped textures with a 
depth of 80 nm and period 0.5µm are designed next to each pyramidal texture. To attain the accurate 
solar cell absorption, the solar spectrum of AM 1.5 is employed to obtain the wavelength (λ) and 
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incident angle (θ) dependant absorption (A) over the light EM spectrum with standard light intensity 
1000W/m2.  
The incident angle was altered from 0 [deg] to 90 [deg] for optical absorption to stimulate EM light 
wave reaching front and rearmost surfaces at entire angles for different wavelengths. Fresnel equations 
are used to calculate reflectance, transmittance, and absorbance. The reflection constant ‘r’ is described 
as reflected amplitude (Eb) to incident amplitude (Ef1) and transmission coefficient ‘t’ is stated as a 
relation of transmitted amplitude (Ef2) to incident amplitude (Ei). Thus, to describe expressions for ‘r’ 
and ‘t’ (The Fresnel equations) we define some boundary conditions for Electric field factor (E) and 
Magnetic field factor (H) E, H: Hx, Hy, Hz, Ex, Ey, and n
2Ez are continuous over entire boundaries. Here 
two main clarifications exist; 1) These boundary conditions denote components of total field E, H= (E, 
H) f + (E, H) b (where Ef = E0, Eb = rE0) and 2) these boundary conditions are continuous across 
boundaries where x-components of E and H are defined in terms of permittivity and permittivity values 
μ = μ0, ε = n
2 ε0. Thus, light traveling from air medium to silicon medium through graphene, the 
reflection and transmission waves are defined for s and p polarization [207]. 
                                   𝑟𝑠 =
𝑛1  cos𝜃1−𝑛2  cos𝜃2
𝑛1  cos𝜃1+𝑛2  cos𝜃2
           ,  𝑟𝑝 =
𝑛2  cos𝜃1−𝑛1  cos𝜃2
𝑛2  cos𝜃1+𝑛1  cos𝜃2
                                  (7.1) 
                                  𝑡𝑠 =
2𝑛1  cos𝜃1
𝑛1  cos𝜃1+𝑛2  cos𝜃2
          , 𝑡𝑝 =
2𝑛1  cos𝜃1
𝑛2  cos𝜃1+𝑛1  cos𝜃2
                                    (7.2) 
Here rs and rp represent the reflection coefficient of TE s-polarised light and reflection coefficient for 
TM p-polarised light respectively. Similarly, ts and tp represent the transmission coefficient of the TE s-
polarised light and transmission coefficient of TM p-polarised light waves. n1 is the refractive index of 
air and n2 denotes the refractive index for any dense medium (Si, Ag, SiO2, and Au). To investigate 
light propagation effects, Transverse Electric (TE) and Transverse Magnetic (TM) wave are considered. 
Equation (7.1) and (7.2) are called Fresnel equations [207] for reflection and transmission amplitudes 
for any single interface. These equations are used for all integrated materials in proposed solar cell 
device; n2= nSi, nAg, nSiO2, nAu, nSiN, ncu to calculate EM propagation, transmissions and reflections 
through each layer. Moreover, to calculate Brewster’s angle and refraction angle for all material we 
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define Equation (7.3) and (7.4) where these angles depend on refractive indexes of dense materials n2 
[207]. 
                                                      𝜃𝐵 = 𝑎𝑡𝑎𝑛
(𝑛2)
(𝑛1)
                                                                       (7.3) 
                                                       𝜃𝑟 = 𝑎𝑠𝑖𝑛
(𝑛1 𝑠𝑖𝑛(𝜃𝑖))
(𝑛2)
                                                            (7.4) 
                                                      𝑅 =
[𝑛2𝜆−1]
[𝑛2𝜆+1]
2
2
                                                                        (7.5) 
Where θB signifies Brewster’s angle and θr denote refraction angle depending on the angle of incidence 
θi and material refractive index and Arc Sin (asin) and Arc tangent (atan) functions are used to define 
Brewster’s and refraction angle. Equation (7.5) implies reflectance ‘R’ measurements where the 
reflections of light through each material depending on incident wavelength and material refractive 
index can be calculated. Thus, the variation of incidence angle from 0° to 90° was completed to simulate 
incoming optical reflections, transmissions, and refractions at specific wavelength through each 
material by using Equation (7.1-7.5). The ratio between incident power ‘Pin’, output power ‘Pout’ and 
absorption ‘A’ are specified as [208-210]; 
                                                  𝐴(𝜆, 𝜃) =
𝑃𝑖𝑛−𝑃𝑜𝑢𝑡
𝑃𝑖𝑛
                                                                     (7.6) 
                                                𝐴(𝜆) =
1
2
∫ 𝜔𝜀0𝜀″(𝜆)|?⃗?(𝑟)|
2
𝑑𝑣
1
𝑣
1
2
∫ 𝑅𝑒
1
𝑠
{?⃗?(𝑟)×𝐻∗⃗⃗⃗⃗  ⃗(𝑟 )}.𝑑𝑠
                                                        (7.7) 
The absorption ‘A’ is considered through the integration of power dissipation in silicon absorber active 
sheet as shown in Equation (7.6) and (7.7). Here ω denotes the angular frequency, λ specified the free-
space wavelength, ε0 is the vacuum permittivity, and ε″ is the imaginary component of composite 
semiconductor dielectric constant. ‘E’ and ‘H’ represents electric and magnetic field vectors, 
respectively. The electric field amplitude of the incident wave was taken 1 V/m. Time average power 
loss Q (x, y, z) in a node inside the absorber domain was considered via electric field distribution by 
using the following equation [211]; 
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                                                                                                       (7.8)      
 where c is the speed of light, ε0 is free space permittivity, α is the absorption coefficient (α = 4πκ/λ) 
with κ being the imaginary part of complex refractive index, η is the real part of complex refractive 
index, λ is the wavelength and E (x, y, z) is the electric field strength at the corresponding excitation 
wavelength.    
These equations help to estimate the optical absorption in the wavelength array 350-1200 nm along 
with incidence angle 0° to 90°. It is assumed that entire photons are absorbed to produce electron-hole 
pair and an individual light generated carrier can arrive at electrodes. Finite Element Method (FEM) is 
utilized to regulate the electromagnetic fields (optical arenas) to propagate through device structure. In 
this scheme, Maxwell’s and Fresnel equations, are defined in the simulator for EM wave incidence and 
propagation, as well as the Drude-Lorentz model and fermi-Dirac distribution models, are discretized 
for graphene modeling in solar cell structure. Graphene is essentially modeled in two regimes (linear 
and non-linear) where the linear model of graphene is demonstrated by Kubo formulation [212]. For 
Fermi-Dirac distribution term (Ef >>kBT) the graphene conductivity depends on electrochemical 
potential (an equal parameter of Fermi energy Ef determined by the number of valence electrons which 
occupy energy levels conferring to Pauli’s principle). Consequently, in terahertz frequency ranges 
graphene is more well-defined by Drude-like surface conductivity [212], For the graphene modeling 
we used surface conductivity term determined by Kubo formalisms and we consider graphene as a 
monolayer sheet of small thickness. For our numerical simulations, graphene is modeled by means of 
the volumetric permittivity approach where graphene is characterized as a thin sheet of material of small 
thickness (1 nm) with an in-plane effective permittivity. Dielectric materials are essentially 
demonstrated by closed-form of Drude-Lorentz Dispersion model and to study the properties of metals, 
Drude Lorentz classical model returns to Drude metal model with no resonance estimates. Hence, in 
our simulations, we have defined graphene as a Drude-Lorentz model using a thin sheet with plasma 
frequency dependent on the Fermi level [212,213]. Bulk compound refractive indexes for µc-Si, Ag, 
Cu, SiO2, SiN, and ZnO were taken from literature for the calculations [214,215]. For the integration 
2
0
1
( , , ) ( , , )
2
Q x y z c E x y z =
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of such materials including SiO2 and µc-Si the complete ‘n’ and ‘k’ (extinction values) spectrum (n and 
k values vary for each wavelength) were used to derive optical and absorption constants for these 
materials. The moderated absorption bands effects have been studied by using 2D FEM approach, which 
mathematically resolves Maxwell’s equations under periodic boundary condition, Floquet boundary 
conditions, scattering boundary condition and open boundary settings (perfect matched layers). This 
study is focused on analyzing light reflections and scattering effects by applying different back metal 
reflector and dielectric effects and absorption spectra investigation at different wavelengths between 
incident angle 0° to 90 °. Since numerous silicon solar cell structures have been presented recently 
where the performance of device increase depending on different texturing or back mirror configuration 
schemes.  
    7.3   Results and Discussions 
The standardized reflections (R) and transmission graph for graphene/silicon solar cells with the 
application of dielectric/metal back reflector for standard AM1.5 solar spectrum ranges are shown in 
Fig. 7.2 and 7.3. In Fig. 7.3, we show the cell reflectance of different solar cell configurations, with the 
plane typical Ag back reflector, with front dielectric, plane dielectric layer deposited on Ag rear reflector 
and an additional textured top and bottom dielectric SiO2/Ag back reflector as shown in Fig. 7.2 (a), (b) 
and (c) (d), respectively. Here, the graphene layer is 1 nm thick deposited on 20 nm thick SiO2 dielectric 
spacer, Ag rear reflector is detached from the n-layer of silicon by 20 nm thick SiO2 dielectric layer and 
finally, a rear dielectric layer is made textured by the pyramid and semi-hexagonal shape textures. 
The initial structure geometry understudy is illustrated in Fig. 7.2. The solar cell stacks containing only 
plane Ag metal back reflector is reported in Fig. 7.2(a), while a plane dielectric layer with metal back 
reflector illustrated in Fig. 7.2(b, c), and the textured dielectric layer with metal back reflector is shown 
in Fig. 7.2(d). For periodic textures in the dielectric layer with specific shape and geometry, the high 
reflection is due to rough surfaces at the rear sides. For wavelength λ up to 650 nm, a minor fraction of 
light reaches the rear side of device and gets absorbed. For silicon solar cells with plane Ag back 
reflector without textures and dielectric layer, incident light has low scattering up to 60% reflectance at 
700 nm wavelength (Fig. 7.3) which reveals the conditions of less inner scattering and high rear 
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transmissions from back reflector at shorter wavelengths <700 nm and high reflections at longer 
wavelengths also demonstrated in reference structures [200,202]. 
 
Figure 7. 2: Schematic of a thin-film Graphene/Silicon solar cell with dielectric-metal back reflector stack and 
Perfect matching Layer (PML) on top a) plane Ag back reflector without front/back dielectric layer b) plane 
front dielectric c) Ag metal back reflector front/black dielectric without textures d) textured front and bottom 
dielectric-Ag metal back reflector. 
For wavelengths longer than 600 nm both solar cells (Figs. 7.2) with SiO2/Ag back reflector, the rear 
reflections are higher than reflectance of solar cell device by plane silver reflector without dielectric 
and textures (Fig. 7.2(a)), signifying a better light-trapping and absorption in the active intrinsic i-layer 
of silicon. 
These high rear reflections for infrared wavelength ranges show that more light reaches the back contact 
and decrease parasitic absorption and reduced plasmonic absorption in silver occurs due to the 
combined effect of dielectric and metal which comes up with the impression that more light reflected 
from back reflectors, less light transmissions from back contact and more light scattering and trapping 
in active layers. In order to further increase the rear reflections and reduced parasitic absorptions, we 
introduced a textures SiO2 dielectric layer separating Ag and silicon layers, as illustrated in Fig. 7.2(d). 
Despite the increase in photon absorption for the two plane cell configurations ( Fig. 7.2 (c) and (d)), 
the rear cell reflection is reduced up to 50% at wavelength 350nm-550 nm for G/Si p-i-n solar cell by 
SiO2/Ag plane back mirror without textures, as shown in Fig. 7.3. 
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Figure 7. 3: Simulated reflectance of graphene/Silicon thin-film solar cell with varying dielectric SiO2 reflector 
configurations for wavelength spectra 
This effect probably results from concentrated captivation losses in the dielectric sheet or decreased 
plasmonic absorption in silver or reduction in parasitic absorption inside the front dielectric layer. We 
can see in Fig. 7.3, the rear reflectance for SiO2/Ag plane back reflector without textures gradually 
increase up to 80% after wavelength 650 nm as compared to 60% reflectance for plane Ag back reflector 
solar cell without dielectric and textures (Fig. 7.2 (a)-(b)-(c)). After the characterization of back reflector 
layers, the simulation of rear reflection and transmission were performed and cell reflectance and 
transmittance results are presented in Fig. 7.3. The graphene/Silicon solar cell rear reflections are higher 
for visible to infrared wavelength ranges (600nm-1200 nm) lead to rear reflections enhancement from 
80% up to 90% (around 30% and 10% reflectance enhancement compared with plane Ag and 
dielectric/Ag back reflectors respectively. The low transmission and high reflections from back 
reflectors reveal the fact that low parasitic absorption occurs as for the case of a linear dielectric-metal 
back reflector (Fig. 7.2(c)) which can further increase reflections by applying a texturing technique. So, 
the light goes through several reflections from periodic textures in the rear side, and this increases the 
light-trapping and absorption in the i-layer of silicon. The topology of the front and back dielectric layer 
with thicknesses 20 nm and Ag metal reflector offers good reflections and high light scattering due to 
less plasmonic absorption losses in rear rough metal interface. According to recent studies of thin solar 
cells with bottom detached mirrors, high rear optical reflectivity can arise due to textured 
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dielectric/metal back reflectors, also the parasitic absorbance losses occur in rear dielectric as well as 
in metal films [216,217]. 
In order to well analyze and improve the rear optical reflections and parasitic absorption losses at the 
backside of thin-film solar cell devices, utilization of precise texturing techniques, dielectric thickness, 
and rear dielectric/metal material with appropriate refractive index is needed. In a recent study, it has 
been analyzed that the effect of dielectric thickness is very sensitive to the optical absorption of solar 
cell devices and appropriate dielectric thickness of 20nm could offer high light captivity [218]. 
Consequently, to increase optical reflections at backside of the solar cell device we present a direct 
contrast of bulk variety of back mirrors depending upon back metal material and back dielectric material 
sheets on identical graphene/silicon solar cell and therefore produce a rapid and precise study on its 
influence on solar cell presentation. For this purpose, three varied forms of back contact metal materials 
and three types of back dielectric materials combined with metal are simulated as shown in Fig. 7.4(a)-
7.4(b).  
In this study, we undertook simulations exploring the relationship and analysis between enhanced 
absorption into the solar cell, maximum inner scattering and rear reflections due to decreased parasitic 
losses in the metal. We identify mechanisms linking dependence on rear dielectric and metal reflector 
material offering high rear reflectance and low parasitic losses and absorption enhancements in the 
active layer and found that by ensuring correct design and configuration of textures and layer 
geometries, the light-trapping structures will have a positive impact on the overall solar cell 
performance. 
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Figure 7. 4: Reflectance of thin-film graphene-based silicon solar cell with a) three different kinds of back metal 
reflector materials Ag, Au and Cu and b) three different rear dielectric materials ZnO/Ag, SiN/Ag, and SiO2/Ag. 
The rear reflections of three different back contacts silver (Ag), copper (Cu), and gold (Au) combined 
with dielectric SiO2 layer (20 nm) are analyzed by using Fresnel equations (7.1-7.5) as shown in Fig. 
7.4(a). Similarly, optical reflections are simulated for varied plane dielectric materials Silicon dioxide 
(SiO2), zinc oxide (ZnO), and silicon nitride (SiN) with the combination of silver plane back metal 
reflector as shown in Fig. 7.4(b). As can be seen in Fig. 7.4, rear reflections for graphene/silicon thin-
film solar cells with the application of varied rear metal reflector materials are observed. To achieve 
high light absorption in the active layer through high rear reflections from the back reflector we analyze 
copper, gold, and silver metal reflectors where the maximum reflections have resulted in a silver back 
metal reflector. As illustrated in Fig. 7.4(a), maximum rear reflections up to 90% were achieved with 
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the application of Ag back contact combined with the rear dielectric SiO2 layer. However, minimum 
reflections were observed when copper or gold is used for metallic back reflector layer in 
graphene/silicon thin-film solar cells. According to Fresnel equations [203,207] the 
reflections/transmissions or refractions of light strongly depend upon the refractive index (n) of 
dielectric and rear metal materials. Since ‘n’ reduces, the active reflectance at the boundaries among 
the n-silicon layer and back dielectric film (dielectric medium) rise. Therefore, less light reaches back 
reflector. By decreasing ‘n’ the refractive index of rear dielectric region from 2 -1.45 and rear metallic 
contact medium from 0.7–0.05, an increase in an optical reflection from the rear side of graphene/silicon 
thin-film solar cell could be observed. As we can see in Fig. 7.4(a), when Cu metallic back reflector 
with refractive index ‘n’ 0.63 is utilized with the combination of dielectric SiO2 layer, low rear 
reflections around 40% is observed starting from wavelength ranges 650 nm to longer wavelengths. 
This low reflectance compared with gold metal back reflector still offers high reflections up to 60% 
starting from the mid-visible wavelength region up to the infrared spectrum. It can be clearly seen that 
silver rear reflector with refractive index ‘n’ 0.05 improves reflections by 90%. It is observed that metal 
reflector materials with low refractive index reduce parasitic absorption losses and deliver high rear 
reflections so the light coming in active silicon layer scatter and absorb efficiently. We observed that as 
refractive index for metal reflector ‘n’ declines, the plasmonic captivation losses are shifted to smaller 
wavelengths or we can say for cupper reflector the rear reflections increased for longer wavelengths, 
likewise for Au reflector the parasitic absorption losses shifted to shorter wavelengths and an 
appropriate rear reflectance improved for silver reflectors. Therefore, light-trapping is significantly 
improved with the selection of low refractive index back metal reflector materials. Simulations were 
performed for proposed solar cell device with varied rear dielectric materials zinc oxide (ZnO), Silicon 
nitride (SiN) and Silicon dioxide (SiO2) with the combination of silver metal back reflector. It can be 
observed from Fig. 7.4(b); rear dielectric reflections are quite low around 35%- 65% for SiN and ZnO 
respectively. However parasitic absorption is reduced with SiO2 dielectric material and reflectance is 
enhanced by 30% compared with ZnO dielectric material. In this series, this particular trend was 
observed, by lowering the dielectric medium refractive index (from 2.0-1.35) an increase in rear 
reflectance and reduced light absorption in rear dielectric-metal reflector medium could be observed. 
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The increased ‘R’ may also consequence from decreased parasitic absorption losses in the anterior 
dielectric layer. 
Internal absorbance was intended to assess the fraction of light trapped and fascinated in the active 
intrinsic silicon sheet and so to approximate the parasitic absorption losses in the non-active layer 
(dielectric and metal layers). The reflectance of device with SiO2 as back dielectric medium joint with 
silver back mirror is significantly amplified up to 90% from mid-visible region to wavelengths longer 
than 700 nm. Considering the structure illustrated in Fig. 7.1. The possible configuration of electrical 
circuit is presented in Fig. 7.1. The presence of a dielectric layer is necessary and enables the incident 
TM wave with the magnetic field oscillating along z direction strongly localize and restore in substrate. 
The graphene located at top of dielectric spacer plays an important role in absorbing the incoming 
energy and thus causing the enhanced absorption at the magnetic resonance wavelength. In general, the 
large quantity of interface states existing at the dielectric-semiconductor interface will lead to a high 
surface recombination probability, which will accordingly reduce the energy conversion efficiency. We 
placed SiO2 dielectric layer in between silicon diode and graphene. The presence of an electrode at top 
of SiO2 can significantly affect the collectability of carriers and is difficult for carriers to tunnel though 
this thickness so we can introduce Nickel (Ni) as less resistance and good ohmic contact at top of silicon 
layer also to reduce shading we can use a small radius of contacts. We intend to sustain stability between 
the thickness of each layer and to produce the best combination in between texture period and width 
and spacer thickness to increase the generation of strong light propagation and absorption effects in 
silicon thin-films. 
We simulate the ultimate absorption in graphene/silicon thin-film solar cell with dielectric-metal back 
reflector. We initiate the analysis by establishing a link between rear reflectance (Rr) (also the measure 
of parasitic absorption losses), optical trapping and ultimate absorption in intrinsic silicon active layer 
depending upon inner dielectric texture shapes, period and depth. The absorption was measured by 
varying incident angle (θ) from 0° to 90° as can be seen in Fig. 7.5. Rear reflectance varies equally with 
front internal reflection rf (θ) and rearmost internal reflection angle rr(θ) [200]. Rear reflection angle rr 
(θ) actually explains the amount of light lost in parasitic absorption (optical absorption in non-active 
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layers of solar cell) per total internal reflections. Although rf (θ) essentially determines the lifetime of 
absorbed photons and the lifetime of photons inside the cell and therefore the path length/lifetime of 
rear internal reflections they experience with rear dielectric reflector material is analyzed. We can say 
that both of these internal angles (rf (θ) and rr (θ)) are dependent on incident angle (θ) and textured 
mediums. Whereas the dispersion of these angles (at which the light photons reach out of the interfaces) 
depends on both top and bottom texture profile as well as the outlook of these textures might take part 
in light-trapping and multiple scattering inside the absorber layer, hence, reflectance (Rr) depends on 
textures. Figure 7.5 demonstrates the correlation between absorption (A) and light-trapping for wafers 
of varying texture shapes, period, and depth with varying absorption peaks. Absorption and Electric 
field distribution were calculated from Equations (7.6-7.8) and light-trapping visualization was 
simulated for an incoming electromagnetic wave propagating through proposed graphene/ silicon solar 
cell with varied textures under standard AM1.5 solar cell spectrum [201]. Generally, incoming p- 
polarised light above critical angle can be strongly absorbed only if the dielectric layer is thinner than 
wave penetration medium depth. The optical absorption loss is of utmost harm to cell efficiency because 
it arises at an extensive range of incidence angles. For this concern, specific thickness of dielectric 
medium is considered along with suitable texture shape and depth for high light absorption in cell. The 
air medium is kept to be λ/2 and Perfect Matched Layer (PML) surrounds the solar cell which can 
undirect the incoming waves to penetrate and absorb strongly under varied incident angle conditions 
and to analyze the optimal angle of incidence that can increase inner scattering angles (rf (θ) and rr (θ)). 
In the proposal of thin solar cell devices, light tricking is essential, by means of increasing the optical 
engagement. Sunlight-trapping actually happens due to the existence of good back reflectors, graphene 
on topmost, Ag on lowermost, specific texture profile at front and rear side of the cell. Although 
plasmonic/photonic crystal structure can be a good idea to increase optical trapping [201], otherwise 
front and rear textures in dielectric and rear dielectric-metal mirrors are an attractive key for light-
trapping in intermittently structure device. In Fig. 7.5, the cell absorption is illustrated by using three 
different texture profiles at a range of incident angles from 0° to 90°. With small pyramid periods, the 
in-coupling of light into the solar cell is enhanced, but almost no optical scattering or no diffraction of 
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light at longer wavelengths is observed. By identifying the key losses in the solar cell structure, we can 
derive potential approaches to minimize these optical losses.  
For thin-film solar cells, the period and height of the pyramids must be reduced so that the diffracted 
light can interfere with light from neighbouring unit cells. The in-coupling of the incident light can also 
be enhanced by using a double texture scheme. The regular surface texture is covered with spikes of 
significantly smaller dimensions than the incoming wavelength, such that the blue light can be 
efficiently coupled into the absorber layer. The smaller spikes act as an effective refractive index 
matching layer for the shorter wavelengths. The larger surface texture diffracts the longer wavelength 
light. The double texture or combination of both shapes combines the advantages from both of the 
regimes. This means that even though the randomized surface texture leads to a distinct increase of the 
short circuit current, however it is very challenging to optimize the scattering and reflections causing 
from randomised textures than for periodic textures. It can be expected that a periodic structure will 
provide a higher efficiency and light-trapping than a random textured surface. Recent results for 
periodically patterned solar cells with very thin silicon absorber layers have previously shown very 
promising results as well as some optical losses resulting from only pyramid shaped textures [219]. We 
developed periodically textured dielectric with combination of pyramid and semi-hexagonal arrays and 
integrated in graphene-based µc-Si cells with the p-i-n substrate uniform configuration in order to 
mitigate the trade-off as much as possible, recently reported for hexagonal textured solar cells 
previously [220,221]. Because of their simplicity and uniformity in texture morphology, periodic 
structures have the advantage of far clearer correlations between texture structures and the photovoltaic 
performance in solar cells. Besides, periodic textures have the potential to overcome the limitations of 
the optical path enhancement with randomly textured substrates. Furthermore, the periodicity allows 
for the use of periodic boundary conditions in optical calculations, which reduces the calculation cost 
significantly. By choosing a proper period and an aspect ratio of pyramid and hexagonal textures 
concerning the cell thickness, a proficient percentage of 90% optical coupling and absorption was 
attained in a µc-Si solar cell with monolayer graphene sheet. Therefore, in this study we choose to 
simulate proposed µc-Si solar cell device with 1 nm thick graphene by combining both regimes of 
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periodic pyramid and semi hexagon textures to improve light-trapping effects and maximum inner 
scatterings. Primarily pyramid textures with period ‘p’ 0.65µm and depth ‘d’ 60 nm were designed at 
front and rear dielectric medium layers as can be seen in light-trapping visualization solar cell 
configuration in Fig. 7.5(a).  
 
Figure 7. 5: Absorption as a function of incident angle (θ) for different texture shape, period ‘p’ and depth ‘d’. 
Light-trapping visualization in active region of graphene/silicon solar cell for a) pyramid shape textures b) semi-
hexagon shape textures c) pyramid and semi hexagon shape textures. The red legend represents the maximum 
magnetic field distribution (visualization of the magnetic field |H|), and total magnitude of current density 
(A/m). 
This texture solar cell profile exhibit absorption (A) up to 40% at an incident angle 50°, which confirms 
low optical scattering comparatively inside absorber layer and high parasitic absorption losses due to 
less reflections for rear medium reflection angle ‘rf (θ)’. This texture outline may decrease rear 
reflectance (Rr) and therefore light-trapping and absorption become low in active region. Textures with 
excessively symmetric or intervallic outlines like plane textures or textures with less depth might offer 
high reflectance but than sunlight travels through active layers on critical perspectives and simply 
outflows through the anterior interface. Although for pyramid textures with extensive symmetric 
outlook or less depth ‘d’ 60 nm, the light has less reflectance and minimum absorption in absorber layer 
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because most light might have reflected through the front interface. Conversely arbitrary/inverted 
pyramids, or random vertical trenches result in high front reflectance angle rf (θ) and high rear angle rr 
(θ), because even an average light photon can hit the back reflector many times to produce photon 
trapping [222]. Accordingly, we used semi-hexagonal shaped textures with depth ‘d’ 70 nm and same 
period as for pyramid textures, to analyze rear reflections and absorption in cell. We detected rather a 
virtuous variation in the simulated optical absorption for this textures profile, where the highest 
absorption peak was observed at 20° incident angle with 70% photon absorption. Another two small 
absorption peaks were found at 40° and 65° for same texture outline which confirms that this texture 
figure and depth offer high light scattering at different incident angles and maximum scattering up to 
70% with high rear reflectance angle and low parasitic absorption losses result at 20°. Fortunately, for 
dielectric mediums thinner than coarsely 100 nm, the optical harm is moderated, since the optical 
tendency traveling through active layers influences the metal individually for positions nearby critical 
angle. Beneath this critical perspective, parasitic captivation in metal layers increased conferring to 
interface surroundings at angle of incident. If dielectric refractive index will be low and texture depth 
and outline will be asymmetric, the critical angle will change accordingly, so the EM wave penetration 
complexity and interaction strength mutually affect the photon lifetime inside absorber layer [202]. 
Also, we can observe the significant discrepancy in absorption with perspective of incidence revealed 
in Fig. 7.5. It can be finely identified that device textures change Absorption (A) and rear medium 
reflection angle and together these determine the light-trapping (entire typical path length of photons 
trapped inside absorber region in the absence of parasitic captivation). We can clearly see in Fig. 7.5 
the pyramid and semi-hexagonal profile of textures offers highest photon absorption around 90% and 
light-trapping at 40° angle of incidence. The specific period ‘p’ and depth ‘d’ of these periodic textures 
were kept 0.5µm and 80 nm respectively where the rear dielectric thickness was taken 40 nm. The 
absorption peak at this angle of incident might increase front rf (θ) and rear reflectance angle rr (θ) 
which accordingly increase inner optical scatterings and photon pathlength as illustrated in Fig. 7.5(c). 
This texture configuration increase photon absorption where several short absorption peaks can be 
observed depending upon texture depth and incident angle. Since the parasitic absorption depends on 
angle and top and bottom textures actually control the optical dispersal function inside the absorber 
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layer, rear medium reflectance angle rr (θ) is also texture dependant. The distributed optical wave has 
a supreme propagation distance over solar cell assembly at the incidence angle 40° consequences 
extreme light-trapping while it reduces to minimum values on 50°, 65° and 90°. As we can observe 
from above illustrations, how textures strongly affect the reflections, absorption, and light-trapping so 
it is obvious to choose specific textured solar cell configuration with the selection of precise dielectric 
thickness, graphene on top, dielectric material and back metal reflector material. Although silver is the 
best reflector material with silicon dioxide dielectric medium. Therefore, we must specify front and rear 
textures to estimate perfect optical absorption and reduce parasitic absorption losses. Therefore, this 
design demonstrates a considerable increment in light absorption, rear inner reflections, low parasitic 
interest losses, and maximum light tricking in absorber layer concerning the planar graphene-based 
silicon solar cells. 
    7.4   Conclusion 
Rear reflections from the solar cell back mirrors and light absorption in silicon thin-film solar cells are 
sensitive to top and bottom texture profiles, back dielectric/metal material and depth. In this chapter, an 
inclusive study is presented in which the influence of these parameters was varied and explored a 
general method to maximize light-trapping and absorption in graphene-based silicon thin-film solar 
devices. We proposed a new design of thin-film graphene/silicon solar cell with the application of 
dielectric-metal back reflector of SiO2-Ag with an array of periodic textures. Low refractive index 
textured dielectric-metal reflector is utilized instead of a plane back metal reflector or plane back 
dielectric-metal reflector and the influence of both the textures profile and dielectric/metal reflector 
material is considered for high rear reflections and light-trapping. We achieved maximum inner 
scattering and photon absorption at an angle of incidence 40° where the light reflections and absorptions 
were analyzed with varied incidence angle from 0° to 90°. Excellent photon absorption is achieved in 
visible to infrared wavelength region with no major drop in rear reflectance for longer wavelengths. 
Extreme light-trapping and captivation in the absorber layer are improved from 80% to 90% and optical 
reflectance from rear side >89% is achieved in contrast to the previously studied reference structures. 
We presented a precise geometry with graphene sheet 1nm thick, silver as a metal reflector, random 
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pyramid and semi-hexagonal shaped textures, SiO2 as dielectric medium-textured from front and 
bottom with period ‘p’ 0.5µm and depth ‘d’ 80nm with dielectric thickness 40 nm. The proposed design 
demonstrates a substantial light absorption and maximum inner light reflections when compared to 
silicon solar cells with planar back reflector geometries. 
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Chapter 8 
 
   2D/3D graphite on h-BN interlayer-silicon solar cell with ZnO: Al 
buffer layer and enormous light captivation using Au/Ag NPs 
 
 
    8.1 Introduction   
In this chapter, we have presented a novel 2D/3D graphite-based silicon solar cell structure 
configuration with the simulation of two recent reference device structures. Firstly, an h-BN interlayer 
between graphite and n-Si device structure is simulated to increase the photovoltaic performance of 
graphene-silicon solar cells. Secondly, another structure is simulated with anti-reflection coating (ARC) 
on top of the device for efficient light management. To improve the overall efficiency of graphite-
silicon solar cells, we then proposed a novel 2D and 3D device configuration with the addition of rear 
textured buffer layer stack with Ag NPs embedded in this buffer layer and Au NPs on the top dielectric 
stack. Dramatic enhancement in PCE along with optical absorption has been observed with the new 
2D/3D configuration of the graphite-silicon solar cell. The proposed structure outline yields the most 
significant improvement in terms of Jsc and QE. 
    8.2   Numerical/Simulation method for proposed device configuration 
Several exceptional functionalities of 2D/3D photonic device assemblies have been established recently 
with a continual focus on heterojunction photovoltaics. Though, the key novelty of such devices was in 
their surface interfacial and material properties. Moreover, inserting plasmonic NPs on 
substrate/Transparent Conductive Oxide (TCO) layers, depositing buffer layer, and interlayers for 
carrier transport were used frequently [223-228]. Moreover, graphite configured with semiconductor 
essentially allows the derivation of the surface junction with a central driving voltage for electrons and 
holes transport across 2D/3D device junction. To establish a highly efficient device assembly and to 
enhance the Jsc and provide a better 3D interior vision, the following exclusive techniques have been 
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employed in this research. A graphite layer of 100nm was perforated with an intervallic arrangement of 
nanoholes at the top of a unit cell to tune the optical surface conductivity and optical absorption 
throughout the device. Titanium dioxide (TiO2) as ARC to decrease the incident light reflections from 
the solar cell surface. Integration of Au/Ag NPs to boost the optical absorption through plasmonic 
resonance effects through an active region that leads to increased Jsc. Insertion of a thin interlayer or 
carrier transporting layer between graphite and substrate can increase the surface junction barrier height. 
We introduced a textured Aluminum doped Zinc oxide (ZnO: Al) buffer layer objectively on the rear 
side of a solar cell to increase the surface roughness, increase photocurrent, to de-convolute plasmonic 
effects from texturing contributions, and substantial light detention in ZnO: Al. An addition of well-
defined plasmonic Au and Ag NPs deposited inside ZnO: Al buffer layer on the backside of the device 
to increase electric field and optical confinement or light-trapping characteristics. Plasmonic thin-film 
solar cells (revised with metallic nanostructures) often exhibit improved light absorption due to surface 
plasmon resonance effects. However, the plasmonic field localization may not be knowingly 
advantageous to increase photocurrent and PCE for all types of cell conformations. For instance, the 
integration of random metallic NPs into thin-film solar cells often present supplementary texturing. 
Schematic simulated design and analysis of graphite-silicon thin-film solar cell are presented in Fig. 
8.1. where a schematic of the distance between a semiconductor and the h-BN layer under graphite 
sheet insight is presented. Au and Ag NPs dimensions were systematically varied by changing the 
period of front Au NPs, diameter and position of the Ag nanostructure within the ZnO: Al buffer layer. 
The electromagnetic field features are analyzed by using FVFEM [229]. To better evaluate the photon-
capturing performances of proposed configuration, 2D and 3D simulated visualization of Transverse 
Electric (TE) and Transverse Magnetic (TM) fields and power loss profiles are displayed. In this 
structure, graphite can function as a transparent front sheet with high optical conductivity deposited on 
the h-BN interlayer. In this heterojunction configuration, PCE is improved from 10.93% to 12.03% with 
an improved nanoarchitecture and interactive interface engineering design. To increase the performance 
of graphite and semiconductor-based heterojunction device, plasmonic excitation can be used whereby 
locating NPs on the top front and rear side of absorber or TCO layers.  
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The semiconductor n-silicon absorber layer is sandwiched between top thin dielectric spacer SiO2 and 
rear ZnO: Al buffer layer. The front stack is decorated with periodic Au NPs of height 40nm and width 
0.3µm with different periods of 0.15µm and 0.18µm consecutively between two NPs. One reason for 
the use of Au NPs on a dielectric spacer layer is to improve the percentage of light energy stored in an 
embedded layer through plasmonic effects and then converted to electrical power. By depositing Au 
NPs in the rear and front TCO buffer layer, we can take advantage of localized surface plasmon 
resonance possessions, which means plasmonic NPs scatter sunlight, thus allowing a higher percentage 
of light to renew into photocurrent that leads to growing solar cell PCE. Consequently, Au NPs are 
prevalent due to their stability and broad plasmonic resonance effects. The silicon thickness is 0.3µm, 
and a SiO2 dielectric spacer interlayer is used under Au NPs with a thickness of 20nm which acts as a 
passivation layer, which hinders the formation of Au NPs recombination centers.  
 
Figure 8. 1: 3D cross-sectional view of the proposed nanostructured graphite-silicon solar cell light-absorbing 
configuration with anti-reflection coating, graphite on h-BN interlayer, and Au/Ag NPs. 
 
In order to conceivably de-convolute plasmonic properties from texturing contributions, it is necessary 
to assimilate a well-organized rear metallic nanostructure in solar cells. Since they can also present 
much more definite optical scattering and absorption characteristics and contribute towards solar cell 
power enhancement. The focus on light generated current improvement leads to a substantial extent 
stem from other factors, such as increased surface roughness of the TCO or buffer layers. 
Surface texturing can affect the magnitude and extreme absorption wavelength of the photovoltaic 
device mutually. Therefore, we have used Ag NPs embedded in the rear ZnO: Al buffer layer where the 
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thickness of ZnO: Al is used to be kept constant at 120nm throughout. The distance between the back-
Ag metal electrode and Ag NP structure can also be varied by changing the position of rear Ag NPs 
within the ZnO: Al buffer layer. In this case, we kept the distance of the Ag NP structure at 20nm away 
from the Ag back electrode. The adjusted height of Ag NPs is 60nm to 80nm where the top and bottom 
NPs width is also kept constant at 90nm and 210nm respectively with the period between two NPs 
0.35µm. The purpose of the practice of rear Ag NPs is that Ag is frequently preferred primarily for 
plasmonic applications amongst several metallic materials and it also offers low absorption losses and 
advanced optical cross-section. ZnO: Al has gained impressive attention as transparent conductive 
oxide films as well as window layer material in silicon thin-film solar cell applications [230].  
The absorption losses at rear interfaces in-plane silicon/Ag back reflector solar cells are high because 
the extinction coefficient of silver back contact is high. Hence, to minimize absorption losses at a wide 
range of wavelengths, we inserted a textured buffer layer in the proposed device at the silicon/Ag back 
metal interface. The dielectric functions were modeled using the Drude-Lorentz model and refractive 
index values for considering materials (Si, SiO2, Ag, TiO2) were taken from the literature [231,232]. 
The dielectric constant of Au was specified by the Drude model [231]. 
The proposed solar cell device is simulated for light wavelength range 350nm-1200nm, and optical 
absorption is calculated for TE/TM electromagnetic field. The Jsc with respect to Voc is calculated under 
the AM1.5 solar spectrum with standard light intensity 1000W/m2. The moderated absorption spectrum 
has been studied by using 2D and 3D FVFEM computation techniques. This method numerically 
resolves Maxwell’s equations under periodic, Floquet, and scattering boundary conditions, open 
boundary settings, as well as the application of Perfect Matched Layers (PML) [229]. 
The focus of this work is to improve photocurrent and the spectral response of organized arrangement 
of graphite-silicon solar cell nanostructures by considering specific layer material geometry and 
nanoparticle dimensions. Our study shows that the significant contributions of each material deposition 
and geometry outline affect the optical and electrical properties of the device. To enhance the overall 
performance of a device, an exclusively accessible way is to engineer the interfacial band structure to 
control the carrier transport (electron and hole generation and transference). For Schottky intersection 
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heterojunction solar cells, the built-in electric field or voltage across the depletion region at interfaces 
plays an imperative role because it not only motivates photo excited charge carriers in the direction of 
electrodes but also evades charge carrier recombination. The representative current density versus 
applied voltage (J-V) characteristics for the diode is calculated by using the following expressions 
[233]; 
                                                    𝐽 = 𝐽0 [𝑒𝑥𝑝 (
𝑞𝑉
𝑁𝑘𝐵𝑇
) − 1]                                                            (8.1) 
Where J is the current density of the device, J0 is reverse biased saturation current density, q is the 
electronic charge (1.6 x 10−19 C), kB is Boltzmann constant (1.38 × 1023 JK−1), T is the temperature 
(300K), V is the voltage across the diode, and N is the ideality factor. 
Open-circuit voltage (Voc) can be derived when the current through the cell is zero.  Voc can be estimated 
from total photogenerated current and is expressed as [233,234]; 
                                                     𝑉𝑜𝑐 = 𝑁𝑉𝑇ln (1 +
𝐼𝑝ℎ
𝐼0
)                                                          (8.2) 
Where VT is the thermal voltage (kBT/q). Iph is photogenerated current, I0 is reverse biased saturation 
current. However, at both of these operating points, the solar cell power is zero. The solar cell power 
can be calculated by [233,234]; 
                                                             𝐹𝐹 =
𝑃𝑚𝑎𝑥
𝑉𝑜𝑐𝐼𝑠𝑐
                                                                       (8.3) 
                                                              𝑃𝑚𝑎𝑥 = 𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹                                                             (8.4) 
Here η denotes solar cell efficiency. 
                                                            η =
𝑉𝑜𝑐𝐼𝑠𝑐𝐹𝐹
𝑃𝑖𝑛
                                                                       (8.5) 
The electric field amplitude of the incident wave was taken 1V/m. Time average power loss Q (x, y, z) 
in a node inside the absorber domain was analyzed via electric field distribution. E (x, y, z) is the electric 
field strength at a corresponding excitation wavelength. Power loss is considered via electromagnetic 
field distribution by using the following Equation (8.6) [223,233];  
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                                                     𝑄(𝑥, 𝑦, 𝑧) =
1
2
𝑐𝜀0𝑛𝛼|𝐸(𝑥, 𝑦, 𝑧)|
2                                            (8.6) 
Where c is the speed of light, ε0 is free space permittivity, α is the absorption coefficient (α = 4πk/ λ) 
with k being the imaginary part of complex refractive index, n is the real part of complex refractive 
index, λ is the wavelength. The optical absorption ‘A’ is considered through the integration of power 
dissipation inactive regions of solar cell device as well as quantum efficiency investigation was made 
by using details from our recently published work [223]. 
In the proposed device, the unit cell is arranged with nanoholes in the graphite layer in a periodic way, 
and the period between two holes is kept 300nm. The cell is designed such that graphite is perforated 
with spherical nanoholes on the top of the semiconductor stack detached by an insulator layer. Here the 
diameter ‘d’ of circular nanoholes is 180nm, and the adequate thickness of graphite is set to be 100nm. 
The graphite is deposited on interlayer or thin hole transporting layer with 30nm thickness. The 
thicknesses of the insulator and semiconductor layer are 20nm and 300nm, respectively. The insulator 
or dielectric spacer layer is treated as the lossless dielectric material. The surface conductivity of 
graphite can be described by using interband and intraband terms [224]. 
To analyze the graphite conductivity of plane sheet with nanohole patterns, we have used surface 
conductivity terms with the real and imaginary part of the extinction coefficient. Hence, in our 
simulations, we have defined graphite as a Drude-Lorentz model using a thin sheet with plasma 
frequency dependent on the Fermi level. The surface conductivity of graphite reduced to Drude-like 
model and effective anisotropic permittivity of graphite term with random phase approximation 
including interband and intraband evolutions are already explained and derived in the latest published 
research [224]. It is supposed that entire photons are captivated to generate electron-hole pair and that 
discrete light generated carriers can arrive at opposite contact electrodes.  
To balance the simulation time and accuracy in the obtained results, the uniform mapped mesh grid 
inside the graphite layer is used while auto non-uniform mesh grid (free triangular) is adopted for other 
regions. Periodic and scattering boundary conditions are employed in x, y, and z directions, and PMLs 
are utilized along with the propagation of the incident plane wave. Our FVFEM simulations confirm 
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that the geometry of our proposed structure and position of front and rear NPs within the buffer layer 
has an immense influence on light-trapping properties. Moreover, the light absorption and 
photogenerated current are enhanced when particles with specific radii in the upper and lower stack are 
considered. Our proposed structure geometry exhibits a high optical absorption, significant improved 
Jsc of 36.2mA/cm2, PCE of 12.03% and substantial QE across the solar spectrum with an optimized 
patterned graphite layer and h-BN interlayer decorated with Au NPs. 
    8.3   Results and Discussion 
Plane graphene-silicon solar cells typically have a bare graphene surface where a graphene layer on 
planar silicon substrate creates a Schottky junction with a slightly low power conversion efficiency of 
1.5% under AM1.5 solar spectrum conditions. This planar graphene on silicon cells is systematically 
considered to comprehend the charge transport properties and to utilize it as an initial structure. 
Consequently, existing developments in interfacial science to achieve high efficiency include maximum 
optical absorption via plasmons and tuning graphene work function by chemical doping or deposition 
on carrier blocking/transport interlayer. 
8.3.1 Reference Simulated Structures Analysis 
 
In this study, we have simulated an initial reference planar structure of graphene- n-Si solar cell with h-
BN interlayer Fig. 8.2(a), where the geometry parameters are taken from the benchmarked structure 
configuration [235].  
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Figure 8. 2: a) Schematics and photovoltaic characterization of an efficient graphene-silicon solar cell by 
introducing a hole-transporting interlayer h-BN between graphene and Si b) Energy band diagrams of the Gr-Si 
Schottky junction solar cells without and with an h-BN electron blocking layer, c) Colloidal ARC TiO2 on the 
graphene surface, d) Simulated J-V characteristics of the Gr-Si solar cells with and without an h-BN interlayer, 
e) Simulated J-V characteristics of G-Si solar cell with TiO2 coating and after HNO3 vapour deposition i. e, with 
and without ARC. 
 
The h-BN interlayer deposited under the graphene layer seems to be an appealing candidate as an 
interfacial layer due to its wide bandgap for graphene-silicon solar cells. Also, Au plasmons on the SiO2 
layer play a vital role to increase carrier conductivity and solar cell efficiency. Here the h-BN interlayer 
can function as an effective electron blocking or hole transporting layer due to its exceptional properties 
and adequate band arrangement with silicon semiconductor. This band alignment between h-BN and n- 
silicon can sufficiently prevent electron transmission from n-silicon to graphene layer and reduce 
current leakage and carrier recombination and therefore slightly increase solar cell Jsc comparative to 
plane graphene-silicon solar cells without h-BN interlayer. 
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The simulated structure configuration for a graphene-silicon solar cell is illustrated in Fig. 8.2(a) where 
a square window was defined initially on 300nm thick SiO2 as dielectric blocks, exposing a single 
crystal of n-silicon substrate wafer as a semiconductor layer for carrier generation. On top of this 
dielectric SiO2 blocks, two Au plasmons of 50nm thickness were introduced nearby the exposed 
window as the front electrode to collect charge carriers from the topside. Ag metal with thickness 80nm 
was deposited on the rear side of SiO2/n-Si stack as the back electrode, and back metal reflector to 
collect carriers from the bottom side (Fig. 8.2(a)). Graphene sheet and h-BN layers were deposited 
accordingly onto Au/SiO2/Si stack. Optical properties of h-BN combined with graphene, energy band 
spectra, and J-V characteristics have been analyzed and illustrated in Fig. 8.2(b) and 8.2(d).  
To enhance the optical absorption through the application of metal plasmonic is a straight route to 
increase the efficiency of graphene-semiconductor photovoltaic devices [236]. Mainly the Au plasmons 
can increase Jsc that can be extracted from the solar cell. Au plasmons of variable thickness on graphene 
can also be used as a hole conducting dopant. Here the NPs underneath graphene exhibit an 
enhancement in work function and electrical conductivity due to charge transport between graphene 
and metallic plasmons. Thus, the PCE achieved by using plane Au plasmons underneath graphene and 
silicon substrate was between 7%-8% [236]. Fig. 8.2(d) and 8.2(e) shows the J-V characteristics of our 
simulated reference graphene on silicon solar cell with and without h-BN interlayers under the sun’s 
spectral irradiance 1000W/ cm2. The Jsc measurements were taken by using a numerical model in Finite 
Element Analysis (Equation (8.1)). We have observed that the insertion of the h-BN interlayer has a 
significant impact on device effectiveness. Compared to the planar graphene-silicon solar cell, the 
device exhibits an improved photovoltaic performance. Simulated reference Jsc and Voc for graphene-
silicon solar cell without h-BN layer is 25.2mA/cm2 and 0.41mV. Insertion of the h-BN layer increases 
the Jsc by 4.8mA/cm2 and photocurrent increase up to 30mA/cm2 with voltage 0.42V, which 
significantly increases the solar cell PCE. 
Fig. 8.2(b) shows the energy band diagram and Fig. 8.2(d) represents the J-V characteristics of a 
graphene-silicon solar cell with and without interlayer. An explicit rectifying behavior is observed for 
both cases, which is consistent with the development of a Schottky barrier junction between graphene 
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and silicon interface. To better understand the impact of the insertion of h-BN on photocurrent and solar 
cell competence, the physical mechanism of the device before and after the h-BN layer is analyzed. As 
shown in Fig. 8.2(b), the photovoltaic progression in such a device is dominated by a Schottky barrier 
formed due to the energy variance (Fermi level difference) or work function alteration between 
graphene and silicon. 
The built-in electric field at graphene-silicon junction splits the photogenerated carriers (electrons and 
holes) in two ways, where the electrons pull up toward the n-silicon layer and holes drift to graphene 
electrode, which leads to generating photocurrent (Fig. 8.2(b)). The built-in electric field also avoids 
diffusion of electrons from the n-silicon layer to the graphene electrode and therefore decreases the 
recombination at the graphene side. Nevertheless, the surface potential φ2 in silicon is quite low in a 
range of 0.6-0.7eV, which is defined as φ2 = WG – WSi. This potential can further decrease under light 
irradiation and thus, low barrier height. Such low barrier height will undoubtedly result in excellent 
leakage current and therefore, high Jsc. To minimize this adverse leakage carrier recombination, a thin 
h-BN interlayer with wide bandgap was employed to serve as an active electron blocking layer between 
graphene and silicon (Fig. 8.2(a), 8.2(b)).  
It was reported that h-BN films exhibit a negative electron affinity (χ h-BN < 0eV) [237]. Hence, the 
conduction band offset (∆EC) of h-BN/Si is resolute to be higher than 0.45eV by means of the electron 
affinity of silicon (χ Si = 0.45eV), which offers a significant barrier for electron passage from silicon to 
graphene by confining electrons in an active silicon region. In the meantime, the valence band offset 
(∆EV) is assessed to be less than 0.63eV from the numerical equation ∆EV = Eg-hBN – Eg-Si – ∆EC by 
taking the room-temperature bandgaps of h-BN (5.80eV) and Si (1.12eV). The small ∆EV tolerates the 
active transport of holes from silicon to graphene through a thin h-BN sheet under the built-in electric 
field, which is a vital factor to avoid an unwanted rise in the series resistance of cells. Thus, this band 
diagram demonstrates that the introduction of the h-BN layer can effectively increase the photocurrent 
of graphene-silicon solar cell from 25.2mA/cm2 to 30mA/cm2. The calculated Fill factor and power 
conversion efficiency for solar cell without h-BN layer were 0.681% and 7.08 % and the addition of h-
BN interlayer is 0.71% and 8.94%, respectively. From the above observations, we can also perceive 
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that interface contaminations arising may cause trap states and therefore become recombination centers 
for carriers, leading to lower FF and PCE. 
Another simulated structure configuration consisting of a planar graphene-silicon photovoltaic device 
with the addition of ARC on graphene monolayer is shown in Fig. 8.2(c) [235]. The organic 
functionalization or to modify graphene electronic band structure by using surface doping is the most 
appealing approach to tune the work function of graphene and sheet resistance. Here various chemical 
materials for surface doping have been used recently where HNO3 vapors can slightly increase the work 
function of graphene and Schottky barrier height between graphene and the silicon layer. For efficient 
light refraction and optical management in solar cells, ARC along with plasmons is also widely used to 
reduce the photons’ loss when the light gets reflected from the photovoltaic device. Here we have 
simulated a planar graphene-silicon solar cell structure with TiO2 anti-reflection coating to reduce the 
light reflections as well as to increase photocurrent and graphene efficiency. HNO3 vapors are utilized 
underneath the graphene layer as a doping layer to increase graphene work function as can be seen in 
Fig. 8.2(c). Here TiO2 is primarily used due to its refractive index, large bandgap and suitable processing 
into thin uniform layers. We have analyzed the device through J-V characteristics as demonstrated in 
Fig. 8.2(c) and 8.2(e). The planar graphene-silicon solar cell without ARC showed low Jsc 22mA/cm2 
and Voc 0.425, and Jsc increased to 30.2mA/cm2 with Voc 0.434 after the addition of TiO2 thin layer and 
HNO3 vapors beneath the graphene layer, as presented in Fig. 8.2(e). 
The influence on Voc was observed to be very negligible. The calculated FF and solar cell PCE for low 
Jsc was 0.69% and 6.45% respectively, and PCE for higher Jsc values (with the addition of ARC and 
HNO3 vapour) was 9.43%. Here the primary function of the top coating is to reduce top light reflections, 
maximum optical absorption and to increase Jsc, and the role of HNO3 vapors with the graphene layer 
is to increase the FF and Voc. So, these combined effects lead to the higher PCE of solar cells.  The TiO2 
leads to an increase in the internal PCE from 6.45% to 9.43% significantly, as demonstrated in Fig. 
8.2(e). 
8.3.2 Proposed Graphite-Silicon Solar Cell Structure Simulations 
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To minimize the carrier recombination, increased guided resonance, enhance optical coupling in the 
silicon layer and photocurrent generation, we have introduced an efficient graphite-silicon solar cell 
assembly. This proposed device structure has an interlayer of h-BN under patterned graphite layer, Au 
NPs deposited on SiO2 thin layer, an exceptional rear stack of textured ZnO: Al buffer layer consuming 
Ag NPs of specific dimensions. We have analyzed two different shapes of Au NPs to observe critical 
coupling of light in additional absorber layers as can be seen in Fig. 8.3(a) and 8.3(b).  A patterned 
graphite sheet with nanoholes in a periodic array on top of solar cell stack is utilized, as shown in Fig. 
8.3(c). Here, the unit cell of graphite- silicon solar cell is settled with nanoholes on the graphite layer 
in an intervallic way with the period between two holes 300nm (Fig. 8.3(c)).  
     
Figure 8. 3: a) 3D cross-sectional view of the proposed graphite/silicon solar cell light absorbing nanostructure 
design with anti-reflection coating, graphite on h-BN interlayer, and periodic square Au NPs of thickness 40nm, 
b) dome shaped front Au NPs with diameter 0.03µm, c) 3D visualization of patterned graphene layer perforated 
with circular nanoholes on the top of proposed thin-film solar cell. 
 
Graphene (0.34nm to 1nm) attains virtuous electronic possessions, but it is still very challenging to 
integrate graphene into nano-photovoltaic devices by keeping its mechanical stability maintained when 
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combining with other thin insulating films. This device is designed with incorporation of patterned 
graphite sheet (100nm) so that graphite is perforated with circular nanoholes on the top of Au NPs and 
semiconductor stack separated by an insulator layer.  Here the diameter ‘d’ of circular nanoholes is 
180nm, and the sufficient thickness of graphite is set to be 100nm.  
This structure shows a guided resonance at a broad wavelength spectrum and increases light-matter 
interaction through critical coupling and good transport of charge carriers. The interlayer h-BN and 
SiO2 mainly plays the role of an active electron-blocking or hole transferring medium, which can 
eventually reduce the electron-hole recombination at interfaces. Therefore, the elementary need of 
employing the h-BN layer under the graphite sheet is to suppress the interface recombination, so the 
photocurrent increases to a significant amount. Integrating h-BN and SiO2 layers with back textured NP 
structure modifies the interface of graphite-silicon solar cells by creating a metal-insulator-
semiconductor nanostructure for photovoltaics. The assimilation of thin interlayers (insulating layers, 
h-BN or SiO2) is significantly beneficial as it can passivate the semiconductor surface chemically and 
thus hinders the interfacial carrier recombination up to a certain extent. The charge carriers’ passage 
across ultrathin interlayers through a mechanism called tunneling can improve the performance in terms 
of Jsc and optical absorption in the active region of solar cell layers. 
The proposed solar cell device instigates the critical coupling of light trapped inside the active region 
through increased multiple scatterings that leads to high absorption. We demonstrate that by using 
interlayers or dielectric spacer between graphite-silicon and back textured nanostructure, and total 
absorption can be achieved that leads to a maximum Jsc of 36.2mA/ cm2. We have improved the Jsc in a 
pattern of utilizing h- BN interlayer and without interlayers, by varying the Au NPs width from 0.13um 
to 0.35µm using initial structure simulations as shown in Fig. 8.4. Further, we analyzed the Jsc for the 
proposed configuration with the circular shape of Au NPs (Fig. 8.3(b)) and examined the photocurrent 
values by integrating different period and diameter of Au NPs from 0.03µm to 0.08µm as shown in Fig. 
8.4(c) and 8.4(d). The number of photons absorbed in graphite-silicon solar cell assembly is higher and 
leads to an increase in solar cell PCE as confirmed by the QE graphical data and optical absorption 
(described later). Another advantage of this structure is that rear NPs assembly with textures and 
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addition of ZnO: Al layer can efficiently take part in achieving guided resonance at critical angles and 
coupling of light in silicon layers. 
 
Figure 8. 4: a) J-V characteristics for proposed graphite-silicon solar cell configuration with front and rear NPs 
and ARC. b) Simulated J-V characteristics of proposed configuration with and without h-BN interlayer c) J-V 
characteristics of proposed configuration with different period and width of front Au NPs. d) J-V characteristics 
of proposed configuration with different dome-shaped front Au NPs and with constant width of rear Ag NPs. 
As can be seen from Fig. 8.4(a), the J-V characteristics were observed for the proposed configuration 
of the solar cell with TiO2 ARC, graphite sheet on top of h-BN interlayer. Periodic Au NPs were 
integrated on SiO2 dielectric layer, n-silicon semiconductor, and rear structure with ZnO: Al is presented 
as shown in Fig. 8.3(a). The Jsc for the reference structure presented in recent research was improved 
by the addition of ARC, periodic Au NPs, and back textured barrier layer with Ag NPs (Fig. 8.3(a), 
8.3(b)). The achieved Jsc was 36.2mA/cm2 (Fig. 8.4(a)). 
Initial J-V characteristics observed for simulated reference structure reveal that Jsc can be affected by 
the integration of interlayers or carrier transport layer beneath graphite. We utilized the top TiO2 layer 
with refractive index 2.2 (n= 2.2), which is transparent to visible light. The selection of the ARC layer 
is primarily resolute by its refractive index, large bandgap and its appropriate processing into thin 
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uniform layers. The primary Jsc value with h-BN interlayer and Au gratings of thickness 40nm was 
30mA/cm2 (Fig. 8.2(d)). The adjusted height of rear Ag NPs is 60nm to 80nm where the top and bottom 
width of particles is also kept constant at 90nm and 210nm with the period between two NPs 0.35µm. 
Thus, Jsc observed for this proposed configuration was 36mA/cm2 with Voc 0.451mV, FF 0.73, and PCE 
12.01%. However, we analyzed the Jsc of the structure without an h-BN interlayer, and its values 
dropped to 29.08mA/cm2 (Fig. 8.4(b)), FF 0.71%, Voc 0.44mV, and PCE 9.08%. Here we can perceive 
the effect of h-BN interlayer on Jsc of the photovoltaic device. According to the thermal emission theory, 
the J-V characteristics of graphite-n silicon solar cells are dominated by majority charge carriers, where 
this majority charge current is dependent on dark saturation current and voltage. We can see from Fig. 
8.4(b) that the value of Voc and Jsc is dependent on h-BN interlayer possessions, where Jsc slightly 
reduced from 35.1mA/cm2 to 29.5mA/cm2 in case of eliminating the h-BN interlayer. As a result, the 
Voc increases from 0.443V to 0.451V in case of inserting the h-BN layer leading to an increase in device 
performance (Fig. 8.4(a), 8.4(b)). 
The introduction of h-BN in our proposed structure can excavate the bandgap of graphite, thus 
improving the substituting performance of graphene electronics. The purpose of using h-BN layer 
beneath graphite sheet is that graphite assimilation on top of bare semiconductor surface (or another 
dielectric substrate like SiO2) can be very uneven, and the graphene/graphite surface can attain many 
wrinkles which can limit the optical properties of graphene [238]. The reason behind this is that the 
surface of SiO2 or semiconductors has impurities that can originate the scattering of charge carriers or 
act as charge traps. Consequently, the development and charge density dispersal of graphite on the SiO2 
substrate is very irregular, which results in substantial suppression of the carrier mobility of graphite 
[238]. Thus, h-BN is a superlative substrate and is ideally suitable for graphene structure to preserve its 
geometrical and electrical properties. 
We investigated the Jsc of graphite-silicon solar cell by varying Au NPs width to examine the 
photocurrent behavior (Fig. 8.4(c)). However, the thickness variation of Au NPs does not affect Jsc 
values (Fig. 8.3(a)). As presented in Fig. 8.4(c), the highest Jsc obtained by keeping the Au NPs width 
up to 0.3µm, where the small width less than 0.2 (w ≤ 0.2) offers low photocurrent. The Jsc at 0.35µm 
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width can still be short up to 32.05mA/ cm2. This can be because the specific width of these metallic 
NPs controls the guided resonance and magnetic resonances created by incident light waves that scatter 
through specific refraction angles to these particles. Therefore, lead to generating optical absorption in 
corresponding areas. The attained Jsc was 20mA/cm2 when the width of Au NPs reduces from 1.5µm. 
This shows that scattering of light through dielectric layer has a low magnetic resonance effect, and 
create less optical coupling and more chance for incident light to propagate straight through layers or 
reflect with less scattering possessions. Another simulated examination of proposed structure with 
different diameter of circular Au NPs is presented in Fig. 8.4(d) (Fig. 8.3(b)). The width of rear Ag NPs 
was kept constant at 0.03µm where the front circular NPs was subject under different diameter from 
0.03µm to 0.08µm (Fig. 8.4(d)).  
It is observed that the specific radius of circular Au NPs can affect the Jsc significantly and light-trapping 
in thin-film solar cells. For adjusted interlayer and substrate thickness, the value of Jsc at some extent 
is influenced by spherical NPs radius, interlayer thickness, and periodic NPs width, but unaffected by 
NPs thickness as shown in Fig. 8.4(d). Hence, we choose to specify only one value of NPs thickness. 
Thus, a higher photocurrent performance is observed with optimization of plasmonic resonance effects 
generated by varying front/rear Au /Ag NPs dimensions. Although, the combination of optimal size, 
the thickness of metallic NPs, interlayer depth, and a rear stack of buffer layer expended with Ag NPs 
can be the optimum configuration for thin-film graphene-silicon solar cell assembly. Thus, the results 
are more convincing by utilizing a patterned graphite sheet with nanoholes in a periodic array on top of 
the solar cell stack, as shown in Fig. 8.5(a). 
The potential manufacturing and tuning of such graphite layers decorated with classic patterns have 
been suggested recently [239,240]. In this proposed solar cell device, the unit cell of a graphite-silicon 
solar cell is settled with nanoholes on the graphite layer in an intervallic way with the period between 
two holes 300nm as shown in Fig. 8.5(a). 
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Figure 8. 5: a) The 3D simulated electric field, magnetic field and power loss distribution in utilized patterned 
graphite with nanoholes in the x-y-z plane at the resonance. b) Dependence of the real and imaginary parts of 
longitudinal surface conductivity of graphite on frequency. c) The conductivity spectra of graphite/silicon solar 
cell under different varied device configurations. 
The cell is designed with integration of patterned graphite sheet such that graphite is perforated with 
spherical nanoholes on the top of thin Au NPs and semiconductor stack detached by an insulator layer.  
Here the diameter ‘d’ of circular nanoholes is 180nm and the adequate thickness of graphite is set to be 
100nm. The semi-metallic graphite with hole transport features can generate a rectifying Schottky 
junction if interfaced with lightly doped semiconductors. Therefore, the excited carriers are produced 
in semiconductor regions surveyed by built-in potential induced due to the separation of these charge 
carriers. Electrons are carried in the direction of n-Silicon and holes are transported to graphite layer 
and can be collected by front and back metal contact electrodes. The graphite can perform the dual part, 
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as a transparent sheet with high optical conductivity and as a current dispersion sheet for electrical 
conduction.  
We observed the graphite conductivity spectra along with real and imaginary extinction graphs that 
utilized in the solar cell device as presented in Fig. 8.5(b) and 8.5(c). With the electric field of incident 
light oriented along the x-axis (x-polarized, i.e. TM plane wave), surface resonance in the graphite layer 
is excited in the spectral region of interest. Fig. 8.5(a) illustrates the simulated 3D spectra of graphite 
with an initial Fermi level (Ef) 0.6eV. The intense resonance occurs at longer wavelengths that leads to 
the robust optical transmission and absorption enhancement since absorption enhancement should be 
attributed to the excitation of plasmonic resonances in the graphite layer. The simulated x, y, z plane 
electric field distribution (|E|), magnetic field distribution (|H|) and power loss profile (|Q|) at the 
resonances in Fig. 8.5(a) shows a substantial enhancement of optical absorption around the circular 
nanoholes displayed in Fig. 8.5. This shows a characteristic behavior of substantial excitation method, 
which results from the accumulated charges around the circular nanoholes due to the TE and TM plane 
waves [241]. Consequently, these plasmon resonances in the graphite layer efficiently trap the incident 
light and boost the absorption in the adjacent semiconductor layer that leads to high Jsc.  
As it is well known that light-trapping and absorption improvement can be adjusted with the geometric 
variation in graphite-on-semiconductor surfaces. Here we investigated the dependence of absorption on 
graphite conductivity patterns. The accumulation of additional layers in-plane structure and the 
extinction graph with real and imaginary values depending on frequency spectra are shown in Fig. 
8.5(b) and 8.5(c). Recently, graphene permittivity and dynamic conductivity were found in agreement 
with the theory (σ(ω) = e2 /4h), where the optical and electrical behavior of graphene was discussed in 
details [281-284]. We utilized the surface conductivity σ as a function of frequency (THz) with the 
energy band 0.6eV.  Fig. 8.5(b) illustrates the variation of real and imaginary parts of graphite 
conductivity under variation in the frequency spectrum. Here positive values of the imaginary parts are 
assigned to characterize the distribution of TM wave, whereas negative values will characterize the 
propagation of TE wave.  
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To realize the excellent optical refraction and absorption in corresponding layers, we need graphite with 
large positive imaginary values of conductivity to interact with light, nonetheless small or less real 
values of conductivity to minimize the material loss as presented in Fig. 8.5(b) and 8.5(c). As indicated 
in Fig. 8.5(b), graphite is lossy at high frequencies when hω>2Ef because of Interband transitions 
(interband and intraband shift are explained in early research [224]). However, at some extents at low 
frequencies when hω ⪅ hγ, graphite also displays a significant loss because of the intraband free-carrier 
absorption enabled by scattering. As shown in Fig. 8.5(b), since, there is a spectral series between the 
two lossy regions, although the imaginary part of the conductivity surpasses the real part. This spectral 
range lies in the visible to the mid-infrared part of the spectrum, and graphite-based solar cell devices 
operate better in this region. Because graphite is the critical building block in providing useful optical 
conduction possessions, it is essential to have an accurate understanding and measurement of optical 
conduction of the proposed device. Although the theoretical optical conductivity offers a good guideline 
for designing the periodic conditions and material layers to achieve critical insight of propagation and 
absorption of light throughout the device. 
To describe the general conduction behavior due to patterned graphite integration onto conforming 
layers of the proposed device, we have investigated the device assembly under three diverse conditions. 
Initially for plane graphite-silicon layer assembly, than graphite-SiO2-silicon layer geometry and finally 
ARC-graphite on h-BN-SiO2-silicon assembly with NPs as shown in Fig. 8.5(c). Fig. 8.5(c) illustrates 
the conductivity spectrum for three different considering device deposits. In graphite directed on silicon 
structure, the prominent low peak of graphite conductivity is detected in the spectrum with some 
negative primary values where these initial values describe the TE wave propagation.  In contrast, it 
was observed that the spectral features of graphite on SiO2 layer are unlike from those of graphite on h-
BN interlayer. No developed conduction band was perceived when integrating graphite on SiO2 due to 
the absence of the h-BN layer.  However, high graphite conductivity is found when coated on top of the 
h-BN layer that subsidizes to endorse the constancy of the charge carrier’s departure to graphite with 
high consistency in the electronic state.  
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From Fig. 8.5(c), it is determined that graphite on SiO2 conductivity growth percentage is still lower 
than that graphite on h-BN with additional substrates such as metals and semiconductors.  One of the 
downsides of graphene on SiO2 is that oxide layer is used to grow thermally and consequently 
amorphous state that leads to supplementary SiO2 surfaces roughness. Subsequently, graphene tends to 
imitate to its substrates. Graphene on SiO2 tends to display surface roughness to the same extent. 
However, graphene on h-BN is expected to have very less surface roughness due to inevitably smooth 
nature. Thus, graphene on h-BN and Au NPs can offer the best structure alignment. With the optical 
penetration into the junction, the electron-hole pairs are produced in Si substrate, and therefore charge 
carriers are separated by the built-in electric field. 
 
Figure 8. 6: Quantum efficiency (QE) spectra of devices simulated for both structures. a) With ARC, patterned 
graphite, h-BN and front/rear NPs. b) without h-BN and front/rear NPs. 
In graphene-silicon solar cells, since the work function of graphene is adaptable, thus we have further 
choices in device assembly to recover the separation and collection of the electrons and holes.  This 
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results in a higher potential drop across the depletion range, all of which can tolerate an additional 
operative collection of carriers. Fig. 8.6(a) and 8.6(b) demonstrates the QE of the anticipated device for 
two different layer assemblies, i.e., with and without h-BN/NPs/rear buffer layer. As shown in Fig. 
8.6(b), the QE of the device without rear buffer layer, NPs and the h-BN layer was between 70-80% 
with less extensive spectrum displaying the generation of electron-hole pairs under short-range of 
wavelength 400nm-650nm in the visible region. However, QE was detected to be up to 90% for the 
proposed device structure with ARC, h-BN, rear ZnO: Al buffer layer enclosing Ag NPs (Fig. 8.6(a)).  
It is observed that the QE spectrum shows substantial growth in the number of electron-hole pairs 
generated and collected after the accumulation of front/rear NPs stack along with the buffer layer, 
compared with the device without front/rear stack of NPs, the buffer layer and h-BN. Besides, this 
device has shown a highest improved Jsc up to 36.2mA/cm2 (close inset can be seen in Fig. 8.6(a)) in 
contrast with those reported short circuit current density 30mA/cm2 for one of the previous structures 
of the graphite-silicon solar cell with h-BN interlayer [235]. The goal here was to improve the spectral 
assortment and QE of the device as well as to optimize the effects of rear NPs with a buffer layer. 
The best graphite-silicon solar cell nanostructure based on Au NPs (width 0.3um, thickness 40nm) and 
rear Ag NPs (width 0.03µm) showed significant average Jsc improvement (~5mA/cm2) compared to 
the reference simulated structure without rear buffer layer stack and Au/Ag NPs periodicity. Compared 
to the reference graphite-silicon solar cell, the proposed 3D device configuration modified with Ag NPs 
inside ZnO: Al buffer layer demonstrates substantial QE increase in a wider wavelength spectrum 
(450nm to 1000nm), where the highest peak of QE was observed at 820nm, as shown in Fig. 8.6(a).  
The light-trapping at peak levels in the absorber layer leads to QE improvements at broader wavelength 
series that occur due to high optical scattering and captivation. Correspondingly, it is a source of 
amplified photocurrent generation where light scattering is caused by front and rear detailed NPs with 
minimum parasitic losses. Here, the intention is to access the photon apprehending performances for 
the proposed configuration, as presented in Fig. 8.7. 1) TE/TM/ power loss profile without rear ZnO: 
Al and Ag NPs stack, (2),(3) TE/TM/Power loss profile with periodic square-shaped front Au NPs and 
rear semi-hexagonal Ag NPs 4) TE/TM/Power loss profile with front dome-shaped Au NPs and rear 
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Ag NPs enclosed in textured ZnO: Al is presented. Figure 8.7 (b) displays the 3D TE/TM/power loss 
profile for 3D configuration of proposed solar cell. 1) TE/TM field wave captivation in active region 2) 
3D Power loss profile with field propagation along z-direction, 3) 3D profile with wave trickling and 
dissemination from front Au NPs to bottom Ag NPs. The cell configuration is indicated in Fig. 8.3. (a, 
b) shows the two proposed graphite-silicon solar cell configurations. The excitation wavelength is 840 
nm, and the periodicity are 900 nm in all graphs. The colour scale is the same in all images (a, b). 
Highest Electric/magnetic field intensities are shown in dark red color indicated by color legends. 
 
Figure 8. 7: a) 2D/3D FEM simulations of electric/magnetic field intensity profiles inside graphite-silicon thin-
film solar cell modified with rear buffer layer stack and Au/Ag NPs and analyzed for three different 
configurations. 
It was observed that there is a substantial discrepancy between two QE spectrums from the middle of 
visible wavelength to high infrared regions (Fig. 8.6(a)). Moreover, an insignificant change was found 
in between both spectrums at short wavelength ranges which can be due to the diverse extents of higher 
and lower NPs phases in two different kinds of schemes. Though, the front NPs (width 0.3µm, thickness 
40nm) and rear Ag NPs with undeviating dimensions tend to increase photocurrent generation, as well 
as, and they are probably more corporate to localize the light collaboration between higher and inferior 
142 
 
NPs deposits as shown in Fig. 8.7(a). First, the outline of front periodic 3D Au NPs and uniform rear 
stack tend to restore the light deception into the active layer (Fig. 8.7(a)). Second, the increment to light 
absorption can be due to back NPs which subsidize to distribute the plasmonic development at long 
wavelengths which are valuable to enhance the coupling of light at critical angles. Fig. 8.6(a) and 8.6(b) 
demonstrate the stabilized QE for plasmonic effects. The maximum electric and magnetic field 
concentrations that are dispersed in the silicon layer are presented in Fig. 8.7(a) and 8.7(b).  
The field localization and light interaction among upper and lower barrier layers are caused by uniform 
NPs. Hence another dielectric layer comprises weak electric field intensity. As can be seen in Fig. 8.7(a), 
good light transmission and optical scattering are distributed among active regions of the solar cell. This 
apprehended light leads to high optical absorption probability and thus Jsc generation. Furthermore, 
electromagnetic field power loss profiles in considering domains and inside the active layer for both 
layer assemblies (with periodic and circular NPs) are presented in Fig. 8.7(a).  
From power loss and light absorption graphs, we observed that optical captivation in the nearly entire 
photoactive region is improved significantly. This amplified optical scattering and tricking inside active 
films is ascribed to three motives. Periodic 3D Au NPs with width 0.3µm is located in the upper layer 
to develop the optical absorption at shorter wavelengths. Though, Ag NPs enclosed by the rearmost 
buffer layer is employed in the lower layer to convey plasmonic enhancement at long wavelengths (Fig. 
8.6, Fig. 8.7). As can be perceived in Fig. 8.7(a)), the plasmonic characteristics of EM fields are extreme 
at the NPs sideways to dielectric and silicon sheet (Fig. 8.7(a){1}). Where the power loss profile for 
this primary device structure without rear buffer layer and Ag NPs stack is also presented that 
demonstrates less optical scatterings all over the absorber layer. Similarly, an additional layer assembly 
with the accumulation of rear Ag NPs surrounded by textured ZnO: Al window layer is presented (Fig. 
8.7(a) {2,3}), where the EM fields are maximum at NPs exterior, and they degenerate exponentially 
away from metal. This layer stack offered boosted light scattering and trapping amongst top and bottom 
layers. At back Ag NPs with width 0.02 µm, the Ag NPs are adjoining to solar cell absorber layer and 
hence subsidize furthest to pulmonically influenced current developments by field localization.  
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The current enhancements were detected with a small distance between the absorber layer and Ag NPs 
as demonstrated in Fig. 8.7(a) {3,4}. Peak power loss outlines were observed that lead to increased 
electron-hole sets and high current generation. Consequently, we can assume that near field boosts 
might have some key impact on solar cell competence for these conformations, i.e., with and without 
buffer layer and Ag NPs rear stack as shown in Fig. 8.7(a).  
Our 3D simulation outcomes designate that durable near field detention is primarily found in the ZnO: 
Al buffer layer next to the Ag NP surface as can be seen in Fig. 8.7(b) {2,3}. Ag NPs width = 0.024µm 
(Fig. 8.7(b){3}), the improved electric field is virtually completely narrowed inside the ZnO: Al layer 
at the Ag NP surface. In Fig. 8.7(b), we illustrate 3D power loss profile for; 1) TE/TM wave captivation 
in the active region 2); 3D power loss profile with field propagation along the z-direction, and; 3) 3D 
profile with wave trickling and dissemination from front Au NPs to bottom Ag NPs. This enhanced 
near field plasmonic resonance power is extreme at the Ag NPs surface and degenerate evanescently 
inside the doped silicon n-layer (Fig. 8.7(b) {1,3}). The results from Fig. 8.7(b) confirm that the position 
of the well-ordered nanostructures can be oppressed to moderate captivation in the dielectric or metallic 
layers. These regions display high material imperfection concentrations, which means that photons 
fascinated in these layers or other than absorber layers do not subsidize to the photocurrent. Notice that 
the schematized nanostructure sprinkles the light back to the active region. However, electron-hole pairs 
made in the silicon deposit are the major participants to the photocurrent. When the Ag NPs (encoded 
with ZnO: Al) detachment from the Ag back metal rises, the absorption inside the silicon absorber layer 
is suggestively modified. It can be clearly seen in Fig. 8.7(a), and Fig. 8.7(b), the light scattering contour 
inside the graphite-silicon solar cell. It is observed that light is more limited exclusively in the absorber 
region, nevertheless the built-in electric field primes to the competent departure of the photogenerated 
charge carriers. 
Plasmonic resonance near field confinements occurs due to an amplified optical absorption at long 
infrared wavelengths between 800nm to 1200 nm with the precise settlement of varied front circular 
Au NPs and different periodicity of rear Ag NPs. An improved absorption inside silicon layer is also 
displayed in Fig. 8.8. Where the layer assembly is composed with the addition of h-BN layer underneath 
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patterned graphite in the same spectral range with increasing NPs period from 0.02µm to 0.08µm and 
rear NPs width 0.01µm to 0.04µm. As specified above, this requires that plasmonic resonances lead to 
an energy loss or a reduced amount of power absorption for the plane graphite-silicon solar cell with an 
overall 50% optical absorption. However, the highest light absorption up to 80% was achieved for the 
particular design (Fig. 8.8).  
 
Figure 8. 8: Optical Absorption spectra of proposed graphite/silicon solar cell active layers under varied width 
and diameter of front and rear NPs, with/without graphite on h-BN. 
 
From these absorption graphs, we can presume that the generation of electron-hole pairs suggestively 
contributes towards Jsc. However, light-trapping in other regions of the solar cell (including ZnO: Al, a 
dielectric layer, NPs) might primes towards power losses due to the increase in recombination at 
interfaces. Excluding the resonance effect, the upper and lower NPs structure take part in substantial 
converging involvement. Fig. 8.7(b) specifies that primarily the electromagnetic field appears in the 
spacing between plasmonic NPs at the top of the dielectric spacer and strongly confined and uniformly 
delivered. Employing the graphs observed for plane reference cell (Fig. 8.7(a){1}), the light distribution 
is caused by visual interfering fringes that direct the optical dispersal in the absorber layer. Moreover, 
the higher periodic and lower NPs along with semi-hexagonal shaped textures lead to enormous field 
distributions. Thus, they tend to retain the light restricted to active layers. The optimum graphite-silicon 
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solar cell configuration was found with Ag NPs width = 0.03µm and NPs to absorber layer distance 
D=0.04µm which can be seen in Fig. 8.7 and Fig. 8.8. 
The TE/TM power loss profiles with 2D and 3D simulated outset are displayed to better evaluate the 
photon-capturing presentations of anticipated conformation. As is shown in Fig. 8.8, one can see that 
the optical absorption is nearly the same 60% and 65 % in both configurations (plane graphite-silicon 
with only front NP, and graphene- h-BN-silicon with front/rear NPs). This is ascribed to the high 
absorption coefficient of silicon material in this wavelength series. The slight difference between the 
two absorption bands is owing to the assorted dimensions of the upper layer Au NPs and the addition 
of h-BN under graphite layer in two kinds of schemes. However, the absorption of solar cell 
configuration has noticeable enhancement up to 80% at the long-wavelength range (1100nm) when 
front Au NPs size is 0.08µm and rear Ag NPs diameter is used to be 0.03µm and 0.01µm’ which is 
attributed to two reasons. First, the Ag NPs with uniform dimensions are more expected to localise the 
light interrelates between the upper Au NPs and lower Ag NPs layers. Although the NPs diameter 
0.03um makes it easier to couple the light into the active layer. Additionally, the lower layer Ag NPs 
are the larger particles designed inside ZnO: Al in the anticipated assembly of the solar cell system. 
Moreover, the bigger ones subsidize to develop the plasmonic enhancements at long wavelengths, 
which is convenient to surge the optical absorption significantly (Fig. 8.8). 
    8.4   Conclusion  
In this chapter, we have demonstrated a novel structure based on a graphite-silicon solar cell. The 2D 
and 3D FVFEM computational technique are deployed to thoroughly investigate the structure 
performance which shows that the geometry of the device and the position of front/rear NPs in the 
buffer layer has a larger influence on Jsc. We have simulated 2 initial structures without h-BN interlayer 
and with h-BN interlayer and obtained Jsc by 25.2mA/ cm2 and 30mA/ cm2 respectively. The solar cell 
is modified by utilizing a patterned graphite sheet with small nanoholes to increase surface conductivity. 
Two diverse profiles of front Au and Ag NPs placed at the explicit detachment away from the absorber 
layer exhibited the highest Jsc up to 36.2mA/cm2. This configuration reduced the parasitic absorption 
loss inside the buffer layer, inactive areas between the NPs, and inside the nanoparticles itself. The 
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smaller NPs are located in the upper layer to improve the light absorption at shorter wavelengths, and 
the bigger NPs are placed in the lower layer to generate the plasmonic enhancement at longer 
wavelengths presented through QE spectrum. The accumulation of h-BN interlayer as a carrier transport 
layer and communication between the upper and lower NPs deposits supports the absorption 
enhancement up to 80%. The backscattering of the ZnO: Al buffer layer with diverse Ag NPs sizes 
boosts the subtle scattered light, and thus the light reflections inside the active region rise, which plays 
a leading role in refining the light-trapping. The proposed design demonstrates an increased intergraded 
PCE from 10.93% to 12.03% across the solar spectrum associated with the optimized reference cell. 
The surface plasmon resonance depends on the particle shape as well as the refractive indices of 
adjacent media. The proposed solar cell device exhibits improved Jsc value by 6.2mA/cm2 with high 
optical absorption and increased PCE. 
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Chapter 9 
   Conclusion 
    9.1   Conclusion Remarks 
Thin-film solar cells are the best source of world increasing energy demands with renewable and clean 
energy photovoltaics. We have proposed new structures based upon an optical simulation of 
maximum light-trapping and management in silicon thin-film solar cells with the goal of 
extreme light coupling and absorption in absorber layers. 
In this thesis, photon absorption was improved by using four different techniques i.e., texturing in TCO 
and Buffer layer, integration of plasmonic nanograting in graphene-silicon solar cells, accumulation of 
metal-dielectric back reflectors, and 3D graphite on h-BN interlayer NP nanostructure with rear textured 
buffer layer, for performance enhancement in silicon-based solar cells. Moreover, our simulation results 
showed that interface morphology of each layer thickness, texture, and nanoparticle dimensions with 
different aspect ratios have the most prominent influence on solar cell performance in terms of both 
short circuit current density and quantum efficiency. 
In chapters 1-4, we described the introduction and motivation of using the solar cells, background 
literature of solar cells, numerical and simulation modelling techniques, and discussed the latest 
approaches in the field of photovoltaics. In chapter 5, we reported a new structure based upon an optical 
simulation of maximum light-trapping and management in microcrystalline silicon thin-film solar cells 
by using multi texture schemes and introducing an n-type cadmium sulfide (CdS) buffer layer. Photon 
absorption was improved by optimizing the front and back texturing of Transparent Conductive Oxide 
(TCO) layers and variation in buffer layer thickness. We demonstrated that light-trapping can be 
improved with proposed geometry of 1μm thick crystalline silicon absorber layer below a thin layer of 
wide bandgap material. Moreover, we improved the short circuit current densities by 1.35mA/cm2 
148 
 
resulting in a total short circuit current of 25 mA/cm2 and a conversion efficiency of 9% with the 
addition of CdS buffer layer and multi-textures, under global AM1.5 conditions.  
As, silicon solar cells with graphene have commonly some drawbacks in assuming Schottky junction 
configurations, small active areas, carrier’s recombination at the interface of graphene/silicon junction, 
high cost, and complex manufacture processes. In chapter 6, we proposed a new silicon thin-film solar 
cell structure with graphene, gold (Au) nanograting, and back silver (Ag) contact with the advantages 
of a simple fabrication method, no graphene/silicon Schottky junction complexity, high absorption, and 
high short circuit current density. We simulated the proposed specific graphene-silicon solar cell layer 
assembly by using the 2-D FVFEM techniques. The generation of a strong magnetic resonance field 
occurs due to the graphene sheet covered on top of gold nanograting and specific dielectric spacer 
thickness and slit period. This leads to increase absorption and transport of charge carriers in p-i-n 
silicon layer. We investigated that absorption improvement can be simply tuned by adjusting a few 
geometric parameters of proposed device and maximum absorption was achieved up to 80% in near-
infrared wavelength ranges. As an outcome, maximum short circuit current density (Jsc) of 32 mA/cm2, 
open-circuit voltage (Voc) of 0.45 V, and calculated power conversion efficiency of 10.5% were 
achieved without chemical doping of graphene. The proposed simple structure configuration of silicon 
thin-film solar cells with graphene on top can offer flexible tuneability, high short circuit current values, 
and increased optical absorption that are beneficial for practical fabrication and industrial applications. 
In chapter 7, we reported a new design of a graphene/silicon thin-film solar cell with a novel array of 
textured dielectric-metal rear side reflectors. In order to minimize the surface recombination and 
parasitic absorption losses and to increase rear reflections, a unique design of rear side of solar cell 
reflectors is explored. Our proposed structure geometry has achieved extreme light-trapping ability, 
maximum rear reflections, and high inner scattering, resulting in absorption of up to 90% at a 40° angle 
of incidence. A thin sheet of graphene is used on the top and textured SiO2-Ag was used as the 
dielectric-metal back reflector. Contrasted with the analogous reference cell devices, the light 
absorption in the proposed textured solar cell with a back dielectric-metal reflector is essentially 
improved in the visible to infrared region from 600 nm to 1200 nm with a maximum achieved inner 
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rear reflectance >89% and an attained absorption in the absorber layer from 80% to 90%. The 
electromagnetic field propagation, reflection, and transmission are calculated by using 2D Maxwell’s 
and Fresnel equations (discussed in chapter 4 of background theory) discretized by the Finite Element 
Method (FEM). Different configurations, with a plane back reflector/textured dielectric-metal reflector, 
varied dielectric material/back metal reflector material/texture profile are investigated to attain the best 
structure configuration. Improved light-trapping in the absorber layer and an increase in rear reflection 
angle (rr(θ)) and photon absorption are accomplished under standard solar irradiation spectrum AM1.5 
conditions. The proposed design would have a significant impact on promoting optimum solar cell layer 
assembly with high light-trapping response in a wide variety of silicon thin-film solar cells. 
Our final research work is presented in chapter 8 that is based on an investigation of 3D thin-film 
graphite/ silicon solar cells with the addition of ARC and hexagonal Boron Nitride (h-BN) interlayer. 
The structure was decorated with two diverse dimensions of Au and Ag NPs infused in rear ZnO: Al 
buffer layer. The 3D particles were located on the top front of dielectric layer and the rear of the solar 
cell. Initially, we simulated a reference 2D graphite/n-silicon solar cell by h-BN interlayer with highest 
Jsc 30mA/ cm2 and conversion efficiency of 10.65%. Using 2D and 3D Full Vectorial Finite Element 
(FVFEM) numerical simulations, we significantly improved the current density (Jsc) by 6.2mA/ cm2 
from 30mA/ cm2 to 36.21mA/ cm2 and conversion efficiency from 10.93% to 12.03% compared with 
reference simulated solar cell device. Moreover, we utilized a patterned graphite sheet with small 
nanoholes to increase surface and optical conductivity. In this work, we presented a 2D/3D FVFEM 
computational investigation of well-defined plasmonic (Au and Ag) nanoparticles, unified at top front 
and to the back contact of the device to increase plasmonic resonance effects. The size, shape, 
periodicity and the 3D position of the patterned graphite, rear buffer layer stack, and nanoparticles were 
well-controlled and analyzed under certain parametric variation conditions. FVFEM simulations also 
indicated that Ag NPs located inside textured ZnO: Al at the top of the metal contact and small periodic 
Au NPs decorated beneath h-BN layer lead to highly efficient light confinement inside the absorber 
layer and increased photon- current generation or Jsc. The proposed 3D device outline offers improved 
power conversion efficiency by 12.03%, maximum light absorption >80%, and high overall quantum 
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efficiency. Besides high light-trapping, improved short circuit current and significant EM light 
propagation throughout the solar cell were observed. 
These proposed results will give a valuable guideline for the feasible fabrication and designing of high-
power conversion efficiency graphene and silicon-based solar cells. 
    9.2   Future Work 
The ultimate objective in the photovoltaic area is to provide feasible solar cell expertise that can meet 
the high scale energy demands and approach the supreme efficiency schemes we predict in this thesis. 
Thin-film Si solar cells are promising candidates, but there are some features we can further explore in 
the future. 
Various thin-film silicon solar cell schemes can be assessed and compared accordingly. Amorphous 
silicon and Microcrystalline silicon solar cells have the benefits of low-cost fabrication but also offer 
low-efficiency values due to less light-trapping and high order of defects level. Multi-junction solar 
cells can provide high ultimate performance values. Another interesting direction is to utilize special 
designing techniques like the utilization of new generation of materials, combined group materials, 
exploring new metal properties and fast carrier transfer and collection techniques to fabricate thin-film 
single or multi-junction solar cells which can have ideal device quality. Thus, they can also potentially 
approach the theoretical efficiency limits.  
In this research work, the theoretical and simulation modeling of silicon-based thin-film solar cells is 
performed to estimate and analyze the physical parameters directly influencing the device performance 
regimes. We mainly focused on improving optical absorption within the active layer of the solar cell, 
improving short circuit current density and power conversion efficiency by using four different 
techniques. In each scenario, the entire efficiency of the proposed solar cell device is enhanced and 
obtained results are compared to standard parametric values provided in previously published work. In 
terms of device modeling in general, COMSOL is not restricted to only 1-D modeling techniques. Thus, 
our accomplished work is based on 1-D, 2-D, and 3D solar cell device modeling. 
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The research contributions presented in this thesis may be prolonged in several ways. There can be 
further ways to improve the conversion efficiency of graphene-silicon-based solar cells by reducing 
parasitic absorption losses and increasing more coupling of light. The next important practical study to 
carry out would be to incorporate the new generation substrate materials with sufficient bandgap or 
integration of new modules to easily fabricate such devices at the nanoscale to further investigate its 
performance.  
The optimization methods we establish in Chapters 4 and 6 can be adapted for real device practical 
optimization. Further investigations can be established to design structures that can trade-off between 
productivity enhancement and angular sensitivity. Moreover, the optimized multi-junction, nano scale 
graphene-based solar cell structures presented in chapters 4, 5 and 6 can be fabricated by soft imprinting 
or other relevant techniques. Also, another optional method including interference Lithography can be 
used to fabricate multiple periods of nanoparticles and metallic gratings (as provided in chapters 4 and 
6) with different wavelength spectrum. Other nano-texturing and plasmonic crystal approaches can also 
be discovered, such as nanosphere lithography, soft imprint and nano molding through various 
designing schemes. Efficiency-cost models should be established to estimate different practices. 
It would be beneficial to practically demonstrate the performance of our proposed device configuration 
by fabricating all explicit details and experimentally test its performance and sensitivity to the 
environment. This device can offer flexible tunablility, practical fabrication and would be useful for 
industrial applications.  
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